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PREFACE TO THE SECOND EDITION 

Since the publication of the first edition of this book ten years 
ago, the new information in the field of refractories has increased 
so rapidly that a complete revision of the text has become 
necessary. In particular, our comprehension of the nature of 
clay, the mechanism of plastic flow, deflocculation of slips, and 
reactions in firing has demanded an entirely new treatment of 
these subjects. 

Several new chapters have been added. Chapter IV, Some 
Fundamental Concepts of Matter in the Solid State, prepared by 
Dr. William Parrish of the Geology Department at Pennsylvania 
State College, gives clearly and concisely a background on which 
to build the later applications. Also, in Section IV, five chapters, 
which should be of particular value to the furnace builder, have 
been added on the selection and use of refractories. 

The author wishes to express his gratitude to the many men in 
the industry who have so kindly assisted him. Particularly 
important are the fine photographs of hand molding from Mr. 
Bradley of the A. P. Green Company, the diagrams of the dry 
press from Dr. Seil of the E. J. Lavino Company, the drawings 
of furnaces from Dr. F. A. Harvey of the Harbison- Walker 
Refractories Company, and much valuable material on insulating 
refractories and the application of refractories from C. L. Norton, 
Jr., of the Babcock and' Wilcox Company. 

The following individuals and organizations have, also been of 
great help in reading portions of the manuscript and supplying 
information from their files: R. E. Birch, Harbison- Walker 
Refractories Company; John Chipman, Massachusetts Institute 
of Technology; F. X. Gilg, Babcock and Wilcox Company; 
C. R. Hayward, Massachusetts Institute of Technology; R. H. 
Heilman, Mellon Institute; R. A. Heindl, National Bureau of 
Standards; Herbert Jnsley, National Bureau of Standards; A. M. 
Kohler, Babcock and Wilcox Company; J. D. McCullough, 
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Babcock and Wilcox Company; C. W. MacGregor,. Massa- 
chusetts Institute of Technology; S. M. Phelps, American Re- 
fractories Institute; R. B. Sosman, United States Stee 
Corporation; N. W. Taylor, Pennsylvania State College; G. B 
Waterhouse, Massachusetts Institute of Technology; L. S. Wil- 
coxson, Babcock and Wilcox Company; and G. B. Wilkes 
Massachusetts Institute of Technology. Harvey Culp of the 
Babcock and Wilcox Company has been most helpful in reading 
the proof. 

F. H. Norton. 

Camb rid a e , M assachus etts, 

June , 1942. 



PREFACE TO THE FIRST EDITION 

This book was written to fulfill the demand for a modem 
treatise on refractories. In order to keep it within a reasonable 
size it has been found necessary to deal mainly with the funda- 
mental processes involved in the manufacture and use of refrac- 
tories. Furthermore, the descriptions of the manufacturing 
processes have been confined to American practice. The 
important subject of the proper use of refractories in furnace 
design and construction has been omitted, since to do it justice a 
whole volume would be needed. On certain subjects it was found 
that a great deal of important information was lacking, and the 
attempt has been made in each case to indicate the direction in 
which research should be carried to provide the additional data 
needed for the understanding of the principles involved. 

Although a portion of the material contained in this book has 
been taken from published data, a considerable amount of new 
material has been included. This has been obtained from the 
extensive work on refractories carried out in the laboratories of 
the Babcock <k Wilcox Company. Unless otherwise stated, 
nearly all the experimental data in the book were derived from 
this source. In all eases the attempt has been made to indicate, 
by the use of references, where additional information may be 
obtained on any particular subject. 

Chapter XVI was prepared by Prof. J. L. Gillson of the Massa- 
chusetts Institute of Technology, whose experience in the 
examination of (days and ceramic products makes him especially 
well fitted to write on this subject. Chapter XVII was written 
by Prof. J. T. Norton of the Massachusetts Institute of Tech- 
nology, who has been carrying on X-ray studies of crystals for a 
number of years. Chapter XVIII was prepared by Mr. J. B. 
Homer, chief chemist of the Babcock & Wilcox Company. Mr. 
Romer has had many years of experience in analyzing clays and 
ceramic products. 

The author wishes to acknowledge the valuable assistance 
rendered in the preparation of this book by a large number of 
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individuals connected with the refractories industry. T am 
particularly indebted to Mr. Isaac Harter, vice president of the 
Babcock <fe Wilcox Company; Prof. C. L. Norton, Prof. G. B. 
Wilkes, and Prof. C. E. Locke of the Massachusetts Institute of 
Technology; Mr. A. M. Kohler, Mr. J. E. Brinckerhoff, and Mr. 
Robert Richardson of the Babcock & Wilcox Company; and 
Mr. E. B. Powell of Stone & Webster, Inc. 

A considerable number of industrial concerns connected with 
the refractories industry have cooperated most heartily in supply- 
ing up-to-date illustrations. Separate acknowledgment has been 
made in each case. 

The numerous photomicrographs throughout the book are 
due to the painstaking work of C. L. Norton, Jr., who is carrying 
on research in ceramic petrography at the Massachusetts Insti- 
tute of Technology, under a Babcock & Wilcox fellowship. 


Cambridge, Massachusetts, 
August, 1931 . 


E. H. Norton. 
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PART I 

Introduction 

CHAPTER I 

SCOPE OF THE REFRACTORIES INDUSTRY IN THE 
UNITED STATES 

1. The Refractories Industry. — Although the manufacture of 
refractories is not one of the largest industries, it is a particularly 
important one, as all processes using high temperatures are 
dependent on it. The refractories industry in the United States 
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Tio. 1. — Total value of refractories produced in the United States. 


has shown a rapid growth since the start of the century, as indi- 
cated by the production curve in Fig. 1 . 

A more detailed picture of the refractories production in this 
country is shown in Tables 1 to 4, which give the amount and 
value of various classes of refractories turned out each year. In 
looking over these tables, it will be noted that the firebrick 
production reveals a proportional decrease in the last 15 years, 
due mainly to its displacement by high alumina and insulating 



Table 1. — Refractories Industry Statistics— Clay Refractories Production’ 
Normal production average based on 1925-1927 = 100 


Total clay firebricks 

Includes glass house refractories up to 
and including 1926 

Unit 

value 

27 

539.45 

47.91 

39.98 

37.47 

41.15 

42.51 

41.36 

41.27 

41.69 

41.85 

42.76 

44.76 
42.42 
40.23 
39.08 
43.84 
44.17 

47.56 
50.81 

54.57 

53.77 

Pro- 

duc- 

tion, 

per- 

centage 

1925-15 

98.1 

113.5 

63.2 

85.2 

115.5 

97.3 

101.3 

105.3 
93.2 
90.9 

108.3 
82.0 

46.7 
25.1 
42.0 

44.7 

55.6 

70.4 

79.6 

40.5 

57.7 

J§ 

|j3 

791, based oi 
538,015,792 
53,415,888 
24,833,297 
31,356,741 
46,676,637 
40,620,941 
41,163,701 
42,706,932 
38,173,878 
37,391,725 
43,376,118 
36,053,853 
19,486,388 
9,923,924 
16,127,758 
19,242,593 
23,832,348 
32,885,945 
39,690,949 
21,692,957 
30,460,789 

Thou- 

sands 

981 

963,439 

1,114,809 

621,009 

836,724 

1,134,225 

955,399 

995,079 

1,034,657 

915,638 

893,375 

1,014,209 

805,492 

459,293 

246,676 

412,621 

438,903 

539,502 

691.446 

781,038 

397,543 

566,509 

Special shapes (clay refractories} 

No report given of specials until 1926. 
Specials listed under other clay products 

Unit 

value 

ts 

ts 

ts 

ts 

ts 

ts 

ts 

$27.70 

20.35 

29.05 

22.45 

24.66 
24.19 
21.49 

21.45 

23.67 
20.91 
22.86 
25.78 
24.18 
25.27 

Pro- 

duc- 

tion, 

per- 

centage 

925-1927 
y produc 
y produc 
y produc 
y produc 
y produc 
y produc 
y produc 

35.3 

75.7 

49.3 

104.2 

109.4 

72.4 

49.1 

61.1 

65.9 

89.2 

129.6 

105.3 

64.6 

80.6 

1 
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50,000 

Includec 

Include* 

Includec 

Includec 

Includec 

Includec 

Includec 

61,909 

132,618 

86,671 

182,280 

191,539 

126,811 

85,998 

106,907 

115,492 

156,111 

226,791 

184,212 

113,033 

151,338 

Thou- 

sands 
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High-alumina bricks 

Bricks, blocks or tiles containing over 
40 per cent alumina, 9 in. equivalents 

Unit 

value 

1927 
rick 
rick 
rick 
$ 37.43 
45.59 
65 71 
87.82 
107.60 
104.58 
96.42 
88.44 
134.56 
104.49 
95.39 
75.20 
65.13 
81.01 
98.84 
77.70 
107.14 
90.46 

Pro- 

duc- 

tion, 

per- 

centage 

on 1925- 
otal fire! 
otal firet 
otal fireh 

253.1 

338.2 
17Q.4 

58.6 

107.3 

134.0 

163.6 

282.3 

139.7 
82.8 
57.4 

112.7 
185.5 

156.1 

131.7 

324.2 

190.0 

197.1 

Value 

,470, based 
n eluded in 1 
ncluded in i 
ncluded in i 
S 802,479 
1,306,149 
949,626 
436,123 
978,624 
1,187,096 
1.336,409 
2,114,925 
1,592,300 
733.579 
464,020 
718,387 
1,023,747 
1.071,029 
1,122,117 
2.133,675 
1,724,396 
1,510,707 

Thou- 

sands 
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Fireclay bricks 

Brieks, blocks or tiles for locomotive and 
other firebox lining, etc., 9 in. equivalents 

Unit 

value 

527 

k 

k 

k 

$37.47 

41.04 

42.16 

41.13 

39.70 
39.57 
39.22 
38.55 
40.24 

37.70 
35.03 
35.30 
39.68 
40.47 
43.18 
40.80 
49.36 
49.59 

Pro- 

duc- 

tion, 

per- 

centage 

1925-1 

l firebrie 
1 firebrie 
1 firebrie 
85.3 

115.7 

98.5 

103.7 

105.5 

90.7 

89.5 

95.2 

77.3 

43.5 

22.7 
39.0 

40.8 

50.4 

64.5 

73.4 

36.5 

53.5 

Value 
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815,286 

1,105,575 

940,948 

990,113 

1,007,784 

866,397 

854,895 

938,218 

738,934 

416,041 

217,242 

372,523 

390,214 

481,679 

615,498 

700,947 

349,153 

506,570 

Year 

Normal 

1919 

1920 

1921 

1922 

1923 

1924 

1925 

1926 

1927 

1928 

1929 

1930 

1931 

1932 

1933 

1934 

1935 

1936 

1937 
193S 
1939 


Table prepared by A, Kohler, Babcock and Wilcox Co. 


Tab: Refractories Industry Statistics— Nonclay Refractories Production 

Normal production average based oil 1925-1927 = 100 
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Table prepared by A, M, Kohler, Babcock and Wilcox Co, 



Table 3— Refractories Industry Statistics— Cements and Mortars Production* 

Normal production average based on 1925-1927 = 100 

Refractory cements (clay) Refractory cements (nonclay) Total refractory cements Fireclay (raw and prepared) 


xi- JZ/r jxxx o jl Kjrvx o 



* Table prepared by A, M, Kohler, Babcock and Wilcox Co. 



Table 4. — Refractories Industry Statistics — Other Refractories Production* 
Normal averaged based on 1925-1927 = 100 


SCOPE OF THE REFRACTORIES INDUSTRY 


5 



* Table prepared by A. M. Kohler, Babcock and Wilcox Co. 
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firebrick. The cements and plastics have shown an increase, as 
in some cases plastic refractories have replaced the usual firebrick 
construction. The production of silica, magnesite, and chrome 
brick indicate no definite trends. 

2 . Refractories in Relation to Other Industries. — Many indus- 
tries are absolutely dependent upon refractories. For example, 
the power industry uses great quantities in boiler furnaces, even 
though the tendency has been in the last few years to employ 
water-cooled walls in the larger units. The use of plastic chrome 
refractories to line the w r ater walls has become a very general 
practice in powdered-coal- and oil-fired boiler furnaces. 

The iron and steel industry is vitally concerned with refrac- 
tories, as evidenced by the large amount of research and develop- 
ment work in this field that is being carried out by the large 
companies. It may fairly be said that not only the efficiency of 
the various units producing steel are vitally affected by the prop- 
erties of the refractories but, in some cases, better qualities of 
steel could be produced if improved refractories were available. 

In the nonferrous industry, refractories also play an essential 
part, both for withstanding high temperatures and for resisting 
various types of slag. 

Refractories are also of vital importance to many other indus- 
tries such as the kilns for ceramic production, glass furnaces, 
linings of rotary kilns for manufacture of Portland cement, 
incinerators, black-liquor furnaces, and even household oil-burner 
furnaces. 

3. Future Trends in the Industry. — There is a constant demand 
for refractories of better quality, and the refractory manufacturer 
is always looking about for new types of raw materials. Mate- 
rials that may' seem rare at the present time will perhaps, in the 
future, be discovered in large enough quantities to make them 
commercially available. For example, topaz has been considered 
a comparatively scarce mineral; but in the South, a massive 
deposit has recently been discovered having commercial possibili- 
ties as a refractory. 

In the future, much will be done in the direction of purification 
of raw materials using the welUqstablished methods of ore dressing 
applied to the nonmetallic industry*. Many fireclays can be 
materially increased in refractoriness by a simple flotation process 
to remove iron minerals, and minerals such as kyanit.es can bo 
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concentrated by ore-dressing methods to give a product of high 
purity. 

New manufacturing methods will undoubtedly be developed 
for producing refractories of more uniformity and with better 
physical properties. The firing temperatures will unquestionably 
be carried higher in the future, and the efficiency of the high- 
temperature kilns will be increased by new developments in 
insulation. 

Lastly, the refractory manufacturer is becoming more conscious 
of the particular demands of his customers; consequently refrac- 
tories will be produced that more nearly fit the individual needs 
than has been true in the past. 



CHAPTER II 


• LITERATURE ON REFRACTORIES 

There is a considerable amount of literature dealing with refrac- 
tories. Much of it, however, is scattered through books and 
periodicals, which makes it rather inaccessible to the average 
reader. It is, therefore, considered advisable to include here some 
information that will help in finding the published works on 
refractories. 

1. Books. — Probably the most complete book on refractories 
but somewhat out of date is 

Searle, A. B.: “ Refractory Materials, Their Manufacture and Uses,” J. B. 
Lippincott Company, Philadelphia, 1924. 

A number of books deal with the use of refractories. They 
apply, however, mainly to the steel working industry. The prin- 
cipal books dealing with the application of refractories are given 
herewith : 

Havard, F. T. : ‘ 1 Refractories and Furnaces,” McGraw-Hill Book Company, 
Inc., New York, 1912. 

Johnson", J. E. : “Blast Furnace Construction in America,” McGraw-Hill 
Book Company, Inc., New York, 1917. 

'earle, A. B.: “Refractories for Furnaces, Crucibles, etc.,” Sir Isaac Pitman 
& Sons, Ltd., London, 1923. 

inks, W. : “Industrial Furnaces,” John Wiley & Sons, Inc., New York, 
1923. 

Partridge, J. H. : “Refractory Blocks for Glass Tank Furnaces,” Society 
of Glass Technology, Sheffield, 1935. 

Mawhinney, M. H.: “Practical Industrial Furnace Designs,” John Wiley & 
Sons, Inc., New York, 1928. 

Buell, W. C. : “The Open Hearth Furnace” (3 Vols.), Ponton Publishing 
Company, Cleveland, 1936—1937. 

Koeppel, C. : “Feuerfeste Baustoffe,” S. Hirzel, Leipzig, 1938. 

There are a number of books concerned in part with raw refrac- 
tory materials. The book by Ries is the standard work on clays 
in the United States, and that by Dana is the accepted authority 
on minerals. Most of the recent work on raw materials will be 
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found in the U.S. Geological Survey bulletins. The following list 
comprises the more important books on this subject: 

Bischof, C. : “Die Feuerfestcn Theme,” Quandt, Leipzig, 1904. 

.Hies, H.: “Clays, Their Occurrence, Properties and Uses/’ John Wiley <fe 
Sons, Inc;., New York, 1908. 

Dana, E. S. : “A System of Mineralogy/’ John Wiley & Sons, Inc., New 
York, 1914. 

Levy, S. I.: “The Rare Earths,” Edward Arnold <fc Co., London, 1915. 
Ladoo, R. B.: “ Non-nietallic Minerals,” McGraw-Hill Book Company^ 
Inc., New York, 1925. 

Ryschkeivitscih, E.: “Graphite,” S. Hirzel, Leipzig, 1926. 

Wilson, H.: “Ceramics-clay Technology,” McGraw-Hill Book Company, 
Inc., New York, 1928. 

Buss, E. : “Properties of Clay,” Tonind.-Ztg ., 1928. 

Ianibbs, N. V. S.: “Industrial Uses of Bauxite,” Ernest Benn, Ltd., London, 
1928. 

Banco, R. : “Dor Magnesit,” Steiiikopff, Dresden, 1932. 

Comber, A. W. : “Magnesite as a Refractory,” Charles Griffin & Company, 
Ltd., London. 

The manufacture of refractories is treated in a number of books 7 
but little material is available on the most modern manufacturing 
methods; however, the books listed below give fairly complete 
descriptions of the past and present methods’used in the manufac- 
ture of refractories. 

Lovejoy, E. : “Drying Claywares,” T. A. Randall and Company, Inc., 
Publishers, Indianapolis, 1916. 

Greaves- Walker, A. F.: “Clay Plant Construction and Operation,” Brick 
and Clay Record , 1919. 

Searle, A. B.: “Modern Brick Making,” Scott, Greenwood & Sons, London, 
192°. 

Lovejoy, E.: “Burning Claywares,” T, A. Randall and Company, Inc., 
Publishers, Indianapolis, 1922. 

A few of the many books that deal in whole or in part with thej| 
physics and chemistry of refractories are listed below: 

Audley, J. A.: “Silica and the Silicates,” D. Van Nostrand Company, Inc., 
New York, 1921. 

Bingham, E. G.: “Fluidity and Plasticity,” McGraw-Hill Book Company, 
Inc., New York, 1922" 

Searle, A. B.: “The Chemistry and Physics of Clays and Other Ceramic 
Materials,” D. Van Nostrand Company, Inc., New York, 1924. 
Mellor, J. W.: “A Comprehensive Treatise on Inorganic and Theoretical 
Chemistry,” Vol. 6, “Silicates,” Longmans, Green and Company, New 
York, 1926. 
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International Critical Tables, . McGraw-Hill Book Company, Inc., New 
York, 1927. 

Sosman, R. B.: “ The Properties of Silica,” Chemical Catalog Company, 
Inc., New York, 1927. 

Bragg, W. R.: The Crystalline State, George Bell <fc Sons, Ltd., London, 
1933. 

Books concerned with the measurement of high temperature are 

noted below: 

Burgess, G. K., and H. Le Chatelier: “The Measurement of High Tem- 
peratures, John Wiley <fc Sons, Inc., New York, 1912. 

Griffiths, Ezra: “Methods of Measuring Temperatures,” J. B. Lippincott 
Company, Philadelphia, 1926. 

Fishenden, M., and O. A. Saunders: “The Calculation of Heal Trans- 
mission,” His Majesty’s Stationery Office, London, 1932. 

Wood, W. P., and J. M. Cork: “Heat Measurements,” McGraw-Hill Book 
Company, Inc., New York, 1927. 

Anon.: “Temperature: Its Measurement and Control in Science and Indus- 
try,” Reinhold Publishing Corporation, 1940. 

The best available work on the history of refractories in the 

United States is 

Ribs, H., and H. Leighton: “The History of the Clay Working Industry 
in the United States,” John Wiley & Sons, Inc.., New York, 1909. 

There are a number of books dealing with the optical study of 

Crystals, a few of which are noted below: 

Larsen, E. S.: “ Microscopic Determination of the Non-opaque Minerals,” 
Government Printing Office, Washington, D.C., 1921. 

Wincheel, N. H., and A. N. Winchell: “Elements of Optical Mineralogy,” 
Vols. I, II, III, John Wiley <fe Sons, Inc., New York, 1927. 

Winchell, A. N. : “ Optic and Microscopic Characters of Artificial Minerals,” 
Univ. UN's., Studies in Sci., 4, 1927. 

2. Periodicals and Other Publications. — A great many pub- 
lications contain information on refractories, but only a few of 
them are devoted exclusively to refractories. The majority 
have only occasional articles dealing with this subject. From a 
scientific and technical point of view' the Journal of the American 
Ceramic Society and the Transactions of the British Ceramic 
Society are of the greatest importance. The periodicals in the 
following list have important or frequent articles on refractories: 

American Ceramic Society, Journal , Bulletin , Abstracts, Columbus, Ohio. 
American Refractories Institute, Technical Bulletin , Pittsburgh, Pennsyl- 
vania. 
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American Society for Testing Materials, Proceedings , Philadelphia, Pennsyl- 
vania. 

Berichte dvr deutschen keramischen Gesedschaft , Berlin-Halensee, Germany. 

Brick and Clay Record , Chicago, Illinois. 

British Ceramic Society, Transactions , Stoke-on-Trent, England. 

British Clay worker, London, England. 

Ceramic Age, The Ceramic Publishing Co., Newark, New Jersey. 

Ceramic Industry, Chicago, Illinois. 

C&ramique, Paris (10*), France. 

Ogneupory, Russia. 

Ohio Ceramic Industries Association, Bulletins, Ohio State University, 
Columbus, Ohio. 

Refractories Journal, Sheffield, England. 

Sprechsaal, M tiller und Schmidt, Coburg, Germany. 

U.S.- Bureau of Mines, Bulletins , Circulars, Mineral Resources, Reports of 
Invest igatio/ts, Technical Papers, Washington, D.C. 

U.S. Bureau of Standards, Circulars, Scientific Papers, Technical News 
Bulled 'ns, Technical Papers, Journal of Research, Washington, D.C. 

The publications in the following list contain occasional 
references to refractories: 

American Chemical Society, Journal, Charles L. Parsons, Washington, D.C. 

American Electrochemical Society, Transactions , Columbia University, New 
York. 

American Foundry men’s Association, Transactio?is, C. E. Hoyt, Chicago, 
Illinois. 

American Glass Review , Commoner Publishing Co., Pittsburgh, Pennsyl- 
vania.. 

American Institute of Chemical Engineering,* Transactions, Polytechnic 
Institute, Brooklyn, New York. 

American Institute of Mining and Metallurgical Engineers, Transactions, 
Pittsburgh, Pennsylvania. 

American Iron and Steel Institute, Yearbook, New York. 

American Mineralogist, George Banta Publishing Company, Mcnasha, 
Wisconsin. 

American Society of Mechanical Engineers, Transactions, New York. 

American Zinc Institute, Bulletin, New York. 

Annalen der Physik, J. A. Barth, Leipzig, Germany. 

Archiv fur Wdrmewirtschaft und Dampfkesselwesen, Berlin, N.W. 7, Germany. 

Australia Advisory Council of Science and Industry, Bulletins, Institute of 
Science and Industry, East Melbourne, Australia. 

Australasian Institute of Mining and Metallurgy, Proceedings, Melbourne, 
Australia. 

Blast Furnace and Steel Plant, Steel Publications, Inc., Pittsburgh, Pennsyl- 
vania. 

Brennstoff- und Wdrmewirtschaft, W. Knapp, Halle (Salle), Germany. 

British Cast Iron Research Association, Bulletin, Central House, Birming- 
ham, England. 
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British Geological Survey, Memoirs , His Majesty’s Stationery Office, 
London, W.C. 2, England. 

Canadian Chemistry and Metallurgy , Westmann Press Ltd., Toronto 2, 

Canal f 

Canadian Institute of Mining and Metallurgy, Bulletins, Montreal, Quebec, 
Canada. 

CSramigde et verrerie, Paris, Prance. 

Chaleur et Industrie, Paris, France. 

Chemical Engineering and Mining Review , Tait Publishing Co., Melbourne, 
Australia. 

Chemical & Metallurgical Engineering, McGraw-Hill Publishing Company, 
Inc., New York. 

Chemical, Metallurgical and Mining Society of South Africa, J durnal, 
H. A. G. Jeffreys, Johannesburg, South Africa. 

Chemie der Erde , Gustav Fischer, Jena, Germany. 

Combustion, Combustion Publishing Co., New York. 

Corriere del ceramisti, Perugia, Italy. 

Department of Scientific and Industrial Research, Publications , His Majesty’s 
Stationery Office, London, W.C. 2, England. 

Economic Geology , Economic Geology Publishing Co., Urbana, Illinois. 

Engineer, London, W.C. 2, England. 

Engineering and Boiler House Review, Engineering Review Company, 
X London, W.C. 1, England. 

^ Engineering and Mining Journal, McGraw-Hill Publishing Company, Inc., 
New York. 

Faraday Society, Transactions , Gurney and Jackson, London, England. 
fFeuerungstechnik, Berlin, W. 57, Germany. 

Forging, Stamping , and Heat Treating, Steel Publications, Inc., Pittsburgh, 
Pennsylvania. 

The Foundry , The Penton Publishing Company, Cleveland, Ohio. 

Foundry Trade Journal , Industrial Newspapers, Ltd., London, W.C’. 2, 
England. 

Franklin Institute Journal , Philadelphia, Pennsylvania. 

Gas-Age Record , Robbins Publishing Co., New York. 

Geological Survey of Great Britain , His Majesty’s Stationery Office, London, 
W.C. 2, England. 

Geological Survey of New South Wales, Records, John Spence, Sydney, 
Australia. 

Glashiitte, Verlag, “Die Glashtitte,” Dresden, A. 24, Germany. 

Glass, Glass Publications Ltd., London, W.C. 2, England. 

Glass Industry, Glass Industry Publishing Co., New York. 

Glastechnische Bericdnte , Deutsehen glastechnischen GcselLschaft, Frank- 
furtam-Main, Germany. 

Illinois State Geological Survey , University of Illinois, Urbana, Illinois. 

Imperial Industrial Research Institute, Reports , Department of Commerce 
and Industry, Osaka, Japan. 

Indian Institute of Science, Journal, Bangalore, India. 

Industrial and Engineering Chemistry , Charles L. Parsons, Washington, D.C. 
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Industrie chimique , H. Mounier, Paris (8 e ), France. 

Institute of Fuel Technology, Proceedings , London, England. 

Institute of Economic Mineralogy and Metallurgy (Moscow), Transactions, 
Scientific-technical Department of Supreme Council of National 
Economy, Moscow, TJ.S.S.R. 

Institute of Mechanical Engineers (London), Proceedings , London, S.W. 1, 
England. 

Institute of Physical and Chemical Research, Bulletin , Scientific Payers, 
Iwanami Shoten, Tokyo, Japan. 

Iron Age, New York. 

Iron and Steel of Canada, Industrial and Educational Publishing Co., Ltd., 
Cardenvale, Quebec, Canada. 

Iron and Steel Engineer , Association of Iron and Steel Electrical Engineers, 
Pittsburgh, Pennsylvania. 

Iron and Steel Industry , England. 

Journal of Geology, University of Chicago Press, Chicago, Illinois. 

Kentucky Geological Survey, Publications, Frankfort, Kentucky. 

Keramische Rundschau, Berlin, N.W. 21, Germany. 

Keramos, Verlag Aktiengesellschaft, Bamberg 3, Germany. 

Kolloid Zeitschrift, Wolfgang Ostwald, Leipzig, Germany. 

Kolloidchemischc Beihcfte , T. Stein kopf, Leipzig, Germany. 

Mechanical Engineering, The American Society of Mechanical Engineers, 
New York. 

Metal Progress, American. Society for Metals, Cleveland, Ohio. 

Mining Journal, London, E.O. 4, England. 

Alining and, M etallurgy, American Institute of Mining and Metallurgical 
Engineers, Inc., New York. 

National Academy of Sciences, Proceedings, Washington, D.C. 

Neues Jahrbuch fur Mineralogie, Geologic, und Paldontologie , Stuttgart, 
Germany. 

New Zealand Journal of Science and Technology, Wellington, New Zealand. 

Ohio State University Engineering Experiment Station, Bulletins, Ohio State 
University, Columbus, Ohio. 

Pit and Quarry, Chicago, Illinois. 

Revue g&n&rale des colloides et de leurs applicatio7is industrielles , Paris (6 C )> 
France. 

Revue de metaliurgie , Paris (9'') , France. 

Revue universelle des mines. Comite scientifique de F association des ingenieurs, 
Liege, Belgium. 

Rock Products, Tradcpress Publishing Corporation, Chicago, Illinois. 

Schwa izer ischc mineralogische und petrographische Mitteilungen, Leeman and 
Co., A. G. Zurich, Switzerland. 

Science Abstracts, London, S.W. 1, England, also Spoil & Chamberlain, New 
York. 

Soeiete geologique de Belgique, Anna7es, Liege, Belgium. 

Soeiete russe (le mineralogie, Annales, Leningrad, U.S.S.R. 

Soil Science , 'The Williams <fe Wilkins Company, Baltimore, Maryland. 

Stahl und Eisen, Verlag Stahlciscn, Dusseldorf, Germany. 
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Tohoku Imperial University. Scientific. Reports , Maruzen Company, LtcL, 
Tokyo, Japan. 

U.S. Department of Agriculture, Bulletins , Government Printing Office, 
Washington, D.C. 

U.S. Geological Survey, Bulletins , Government Printing Office, Washington, 
D.C. 

University of Illinois Engineering Experiment Station, Bulletins , University 
of Illinois, Urbana, Illinois. 

University of Toronto, Monthly, Toronto, Canada. 

University of Wisconsin, Studies in Science , Madison, Wisconsin. 

Zeitschrift fur E lektroch emie und angewandte physikalischc C hemic , Vcrlag 
Chemie, Leipzig, Germany. 

Zeitschrift fur Krystallographie, Akadeniische Verlagsgesellsohaft, Leipzig, 
Germany. 

Zeitschrift fur Physik, Verlag Julius Springer, Berlin, W. 9, Germany. 

3. Bibliographies. — There are a number of excellent bibliog- 
raphies covering the complete ceramic field as well as limited 
portions of it pertaining directly to refractories. The following 
bibliographies cover the complete field of ceramics quite thor- 
oughly up to the time of their publication. M. L. Solon gives us 
critical abstracts of most of the books and also an excellent 
classification. However, he writes mainly from the point of 
view of the artist, and the number of references of value on 
modern refractories is limited. 

Bbanner, J. Cl: “A Bibliography of Clays and the Ceramic Arts,” American 
Ceramic Society, Columbus, Ohio, 1906. Covers whole ceramic field 
up to 1906. 

Solon, M. L. : “A Bibliography on Ceramic Literature.” Charles Griffin 
& Company, Ltd., London, 1910. Critical abstracts are given of most 
of the books. Well classified. 

In the following list are included a number of up-to-date 
bibliographies dealing with special refractory divisions, which 
will be found of more direct value than the preceding list. 


McDowell, J. S., and H. S. Robertson: “ Bibliography of Chrome Refrac- 
tories,” J. Am. Ceram. Soc. } Vol. 5, p. 865, 1922. Covers this field 
up to 1922. 

Anon.: “Bibliography of Magnesite Refractories,” American Ceramic 
Society, 1924. Covers this field up to 1922. 

Anon.: “Bibliography of Silica Refractories,” American Ceramic Society, 
1924. Covers this field up to 1922. 

Anon.: Literature on Refractories for the Glass Industry, Glass Tnd Vol. 7, 
11, pp. 275-276, 1926. 
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Norton, F. H. : Bibliography on Thermal Conductivity of Refractories, 
J. Am. Ceram. Soc., Vol. 10, p. 30, 1927. Up to 1927. 

Anon.: Bibliography of Literature on Refractories, J. Am. Ceram. Soc., 
Vol. 10, p. 2, 1927. 

Ferguson, R. F. : Review of the Literature on Laboratory Slag Tests for 
Refractories, J. Am. Ceram. Soc., Vol. 11, pp. 90-99, 1928. 

Cohn, W. M.: Bibliography of Heat Effects on Ceramic Materials, J. Am. 

Ceram. Soc., Vol. 11, p. 296, 1928. From 1919 to part of 1928. 
Litinsky, L. : Bibliography on Refractory Materials for Iron and Steel 
Works, Feucrfcst, Vol. 4, 2, pp. 30-32, 1928. 

McVay, T. N.: Bibliography of Ceramic Microscopy, Bull. Am. Ceram. Soc., 
Vol. 16, p. 33, 1937. 

Harden, J. W. and M. N. Rich: Bibliography on Zirconium and Its Com- 
pounds, Bur. Mines , Bull. 186. 

4. Abstracts. — The most complete abstracts of the literature on 
refractories are found in the Journal of the American Ceramic 
Society. The Transactions of the British Ceramic Society also has 
a fairly complete list of abstracts taken from the more important 
publications. In Science Abstracts and Chemical Abstracts will 
be found quite a few references to the more scientific and technical 
phases of this subject. 

Throughout this book at the end of each chapter have been 
placed the more important references and publications dealing 
with the subject of that particular chapter. The selection of 
these references was somewhat difficult because of the tremendous 
mass of available material. Idowever, the choice was guided by 
the amount of original data included in the reference and its 
accessibility in the average library. Also the more recent articles 
were considered in place of the early ones except where an early 
article was a particularly valuable or original contribution to the 
subject. 



CHAPTER, III 


HISTORY OF REFRACTORY DEVELOPMENT IN THE 
UNITED STATES 

The early history of refractories in the United States is 
shrouded in considerable obscurity. A number of references 
are given here that throw new light on the sub j ect , but a tremen- 
dous field still remains to be explored. A few months spent in 
examining old publications and records of Boston, Baltimore, 
Philadelphia, and parts of New Jersey would certainly yield 
valuable information. A little archaeological study around the 
sites of old furnaces, kilns, and plants would surely produce 
specimens of the old refractories used. 

1. Furnace Stone. — Undoubtedly the earliest type of refrac- 
tory used in this country was mica schist or siliceous rock. All 
the early iron furnaces or forges were constructed mainly of this 
material. Thus we must study the early history of the iron 
industry. Fortunately this is quite well known, for an iron 
furnace was much more likely to be a subject of comment than a 
brickyard. The first furnaces w^ere built in Virginia, but it is 
quite certain that they were never completed. The first success- 
ful furnace was built in 1645 - ' Saugus, Massachusetts, and the 
next year another was operant at Braintree. They were prob- 
afoly made from local stone, although there are no very satisfac- 
tory deposits in this region. The building of furnaces and forges 
spread rapidly in the next hundred years, and considerable stone 
must have been quarried. Samuel Robinson (1) * in 1825 states 
that furnace stone was quarried near Providence, Rhode Island, 
for forty or fifty years and carried long distances in wagons for use 
in furnace hearths. There were probably otb ~ onous quarries 
at this time. 

Stone was used for the building of furnaces and forges late into 
the nineteenth century because of the greater cost of firebrick. 
Even now, stone is used for lining Bessemer converters. A 

* Numbers thus set in parentheses refer to the bibliographies appearing 
at the end of each chapter. 
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number of the old stone or stone and brick furnaces are still 
standing in various parts of the country. Two interesting ones 
stand on Furnace Brook in Bennington, Vermont, one of which is 
shown in Fig. 2. 

Records (17) show that sandstone was used for the walls of 
kilns burning refractories. Probably many of the early glass 
furnaces were built of stone. In fact Robert Howes of the 
Temple Glass Company, Temple, New Hampshire, states in a 
letter dated 1781: “I shall have to send sixty miles for stones to- 



Fic. 2. — An old iron furnace standing in Bennington, Vermont. 


build my melting furnace, which will take eight teams.” It is 
believed that these stones came from Uxbridge, Massachusetts, 
which is about sixty miles from. Temple. Samples from the old 
furnaces confirm this. 

2. Glass Pots and Crucibles. — Probably the first clay refrac- 
tories used in this country were glass pots. J. B. Felt (f,) in his 
11 Annals of Salem” in 1827 mentions a glass factory in Salem, 
Massachusetts, in 1638, and again as producing in 1041. The 
only other information I have been able to obtain is the names of 
John and Ananias Conklin as glass blowers. All else seems to be 
lost in the obscurity of time. We may be sure, however, that 
glass pots were used. They were probably made from IOnglish 
or German clays as were all the early glass refractories. 

A century later, the Wister glassworks were started in New 
Jersey. Gross Almerode or Klingenberg clay was used for the 
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pots at first, but later New Jersey or Maryland clays were prob- 
ably used to some extent. J. C. Booth (4) in 1841 states that a 
white, highly plastic clay was wrought only in one place, on the 
Delaware shore below New Castle, and exported for crucibles and 
glass pots. The clay had been wrought for manufacturing pur- 
poses for some forty years. Porcelain crucibles were made of 
kaolin from New Milford, Connecticut, by a goldsmith in about 
1807. 

A number of other early glass plants were operated in this 
country, mainly by Germans. We have the Germantown factory 
(Braintree, Massachusetts) and the factory of Baron Steigel in 
1763, as well as a number of others. German pot clays were 
probably extensively used, as they are even now. In fact, J. F. 
Amelung, who started a glassworks at Frederick, Maryland, in 
1784, brought over pot makers and built a pot works in con- 
junction with his plant. 

A note in the Gaffield Collection at the Massachusetts Institute 
of Technology library states that the Boston Crown Glass Com- 
pany, which for a number of years had been using imported clays 
for pots, attempted between 1810 and 1812 to replace them with 
domestic (probably New Jersey) clays. The attempt was not 
successful. 

A recipe book of the Boston Glass Mfg. Co. in the Boston 
Athenaeum Librazw has an item dated 1791 that states that 200 
lumps of clay were received from Amsterdam, undoubtedly for 
making pots. Another item lists fuel for keeping the glass pots 
(green) from freezing. 

The manufacture of glass pots as an industry separate from 
the glass plants was started in 1860 by Thomas Coffin in Pitts- 
burgh. C9) In 1879, the Pittsburgh Clay Pot Company was 
organized, and after this many other concerns started in. Pennsyl- 
vania and Ohio. 

3. Lime. — Lime, often made from shells gathered on the shore, 
was used in forge walls from very early times. There are refer- 
ences to a number of early lime kilns. 

4. Fireclay Bricks. — We are still in doubt as to the location 
of the first American firebrick manufacturer. It may have been 
New Jersey, Boston, or Baltimore. 

New England . — Owing to the early development of iron and 
glass manufacture here, it is to be expected that firebrick would be 
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needed at an early date. Stourbridge firebricks (English) are 
known to have been imported to some extent, but bricks were 
also made from New Jersey clay. The recipe book of the Boston 
Glass Mfg. Co. states that in 1790, two helpers were paid to 
make furnace tile and, in 1791, two men were paid for burning- 
brick for the glass furnace. In 1793, an item lists the payment 
of expenses for a man to go to New York to procure clay from 
South Amboy. This is undoubtedly the earliest direct reference 
to the manufacture of firebrick from native clay. According to 
Professor Rogers, (ls) Mr. G. W. Price of New Brunswick, New 
Jersey, stated that his father carried a vessel load of fireclay 
from Woodbridge to Boston in 1810 for use in making firebricks. 
It was thought to be the first shipment for this use. An adver- 
tisement in the Boston Commercial Gazette of July 0, 1818, by 
the New England Glass Company, read, “Also— -Fire Brick Clay, 
raw and prepared, constantly for sale.” This would seem to 
indicate that firebricks were then being made in Boston. In 
1820, Jacob Felt of Boston bought 50 tons of clay of Jeremiah 
Dully, and this 'was afterward sent, regularly from Amboy. 
Firebricks were made in Boston at this time. 

The following advertisement appeared in the Boston Commer- 
cial Gazette of Mar. 5, 1827. “ fire bricks made to all 

dimensions. For sale by Doming Jarves, No. 88 Water St.” 
(New England Glass Bottle Works.) This probably explains 
where at least part of the New Jersey clay was used. 

In 1835, a patent was taken out by Joseph Putnam of Salem 
for firebricks and stove linings. We do not know whether or "not 
he manufactured, but it is doubtful if he would have applied for 
a patent for this type of article without having previously made 
it. As early as 1829, L. Hine used the kaolin of New Milford, 
Connecticut, for firebricks and furnace linings. (:l) He evidently 
had a considerable business; as $(>,000 per year is mentioned as 
the value of his product, and six workmen were employed. The 
bricks sold for two-thirds the price of the Stourbridge firebricks 
and were considered nearly as good. 

In 1839, Hiram Harwood of Bennington, Vermont, records in 
his diary, 055 “Visited works of Judge L. Norton- large' low 
buildings in forwardness for drying newly invented lire bricks * 
erected N. old works.” This business apparently prospered in 
the next few years and was carried on by Norton and Fenton. 
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It is quite possible that the manufacture of these bricks was 
started from information obtained from the New Milford enter- 
prise. We are fortunate in having an accurate account of the 
manufacture of these early bricks by Norton and Fenton. C. B. 
Adams, state geologist of Vermont, in his first Annual Report 
(1845), page 52, states: 

For firebrick, the kaolin is made into paste with water, from which 
bricks are formed and burnt. These bricks, retaining the whiteness of 
the kaolin, and becoming very hard, are called “ clay bricks.” They 
are next broken up by a mill and sifted, so as to be of the coarseness 
of fine gravel. This is mixed with unburnt kaolin and arenaceous 
quartz, pressed in moulds of the required form and size, and burnt in 
the same manner as before. These firebricks are very white and hard, 
and when fractured shew their composition of broken claybrick and 
kaolin. 

C. V r . Fenton, in a letter to Mr. Adams at this time, gives more 
particulars : 

The character of our fire-bricks is also well known. They are a 
composition of materials which we find here, consisting of arenaceous 
quartz and kaolin.' Being very pure, they make a good fire-brick, 
which will stand longer in a strong heat than any other brick known. 
They are used for blast furnace hearths, and in many places, where 
no other fire-bricks will endure. 

The value of pottery and firebrick produced then was stated as 
820,000 per year. 

In 1841 (Feb. 27), the following advertisement appeared in the 
State Banner of Bennington, Vermont: 

Bennington 
Stoneware Factory 
Julius Norton 

Manufactures and keeps constantly for sale 

Also Patent Fire Brick 
(the best in the world) at 850 per thousand 

These kaolin bricks were made in Bennington as late as 1855 
or 1856 and had a very general sale as a good firebrick. But 
owing to the lack of coal and the need of twice burning the highly 
shrinkable kaolin, they could not long compete in cost with 
bricks of New Jersey and Pennsylvania. 

It is also stated that firebrick of kaolin, New Jersey fireclay, 
crushed brick, and sandstone from Willsboro Npw YoA w^.re 
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made at Monkton, Vermont, in 18-JO. These bricks were 
undoubtedly used in the many charcoal iron furnaces operating 
in this region, although a large part of the lining was quartzite 
or mica schist. A reddish firebrick taken from an old furnace 
standing on Furnace Brook in Bennington, Vermont, fulfills 
this description quite well. I was also fortunate in finding at 
the site of the United States Pottery in Bennington a white brick 
made of coarse calcined grog bonded with kaolin. This brick 
is marked: 

Fire Brick Co's. 

No. 1 

Bennington, Vt. 

Considerable space is given to these early kaolin bricks 
because we have a fairly complete account of their manufacture 
and because they are the first to utilize successfully the pure 
and refractory but high-shrinking kaolin by the method of 
double burning. For their time, they were really remark- 
able bricks and have scarcely been mentioned in histories of 
refractories. 

Firebricks and retorts were probably being made in Boston 
regularly before 1850. In 1804, the Boston Fire Brick and Clay 
Retort Manufacturing Company was making bricks and retorts 
on the site of the present South Station. New Jersey fireclay 
was brought to their own dock. For some years at about this 
time, the Morton Fire Brick Plant on Iv Street at South Boston 
was in operation. Apparently no firebrick has been made in 
Boston since 1895. 

From the beginning of the nineteenth century, a number of 
stoneware potteries were operating in New England. In every 
case, firebrick must have been used in their kilns. It is reasonable 
to suppose that the bricks were made from stoneware clay, all of 
which at that time came from New Jersey. 

The manufacture of stove linings and firebricks has been carried 
on at Taunton, Massachusetts, for many years. Now Pennsyl- 
vania clays are mainly used. 

New Jersey . — A stonewai*e pottery was operated by Coxe at 
Burlington, New Jersey, in 1684. He probably used English 
firebrick for his kilns, but some local clay may have been used. 

Professor Rogers <18) states that New Jersey clays were used for 
making firebricks soon after 1812. We need not necessarily 

1 -i U "NT nur T rkyio* \-\r 
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The cla 3 r may have been taken to Boston or Baltimore. In 1825, 
a firebrick plant (Salamanda Works) was started at Woodbridge, 
New Jersey. In 1836, John R. Watson established a factory for 
making firebricks at Perth Amboy. From 1845 to 1865, a 
number of plants were started in the Woodbridge district, and 
most of them are still operating. Sa 3 r er and Fisher, Henry 
Maurer & Son, and Valentine <fc Bro. are well-known firebrick 
manufacturers at the present da>". 

Delaware and Maryland . — In a report (2) on the state of Mary- 
land, published in 1834, occurs a most significant statement: 

Fire-brick so far exclusively made in the United States at Baltimore, 
lias been pronounced b 3 ^ competent judges after repeated trials, to be 
fully equal, if not superior to the far-famed Stourbridge brick of the 
same nature. 

Later it stated that these bricks were used in iron furnaces to 
replace silica stone. 

We ma> r judge from this statement that a high-grade firebrick 
of the “same nature” as the well-known Stourbridge firebrick was 
an established industry in Baltimore at this time. The reference 
to repeated trials would indicate its use for a considerable 
number of 3 r ears previous. The statement that firebricks were 
made onh r in Baltimore at this time is perhaps founded on lack 
of knowledge of the industry in New Jcrstw and Boston but 
more probably refers to a time some years prior to this date when 
the Baltimore industry was started. Further investigation 
is greatly needed on this point. 

As previously mentioned/ 4:1 considerable white refractory clay 
was mined in Delaware mainly for crucible and glass pots, but 
some may well have served for bricks. 

In 1837, the famous Mt. Savage fireclay was discovered, and 
the Union Mining Company soon began operations here. 

Florida. — Ries (y) states that records show a. shipment of 
firebrick from Florida to New Orleans in 1827. No more is 
known of it. 

Ohio . — According to Stout/ l7) firebricks were first made in 
Ohio during 1841 b 3 ^ Andrew Russell near East Liverpool. They 
were produced there continuously until about 1900 by Russell 
and later b 3 ^ N. U. Walker. The clay mined behind the plant 
was plastic and of medium refractoriness. Tn 1852, G. and M. 
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Meyers started a firebrick plant near Toronto. A plastic, lower 
Kittanning clay was used. 

The manufacture of firebricks from flint clay was begun 
during 1863 in Scioto County by Reese Thomas. This brick was 
a high-grade product, made in updraft kilns with sandstone walls. 

During 1866, the Diamond Fire Brick Company was opened in 
Akron by J. P. Alexander. At about the same time, a three- 
kiln plant was built at Dover. The Federal Clay Products Com- 
pany and a number of other plants started about 1872 in this 
district. J. R. Thomas founded the Niles Fire Brick Company 
at Niles in 1872. 

The Oak Hill Fire Brick Company and Aetna Fire Brick 
Company started in the Oak Hill district about 1873. Other 
plants were opened here later. 

Pennsylvania . — It has generally been believed that the first 
firebricks were made in Pennsylvania about 1836 at Queens Run. 
However, the following advertising card (19) would indicate that 
they were made in Philadelphia before 1832. 

American China Manufactory 
S. W. Corner of Schuylkill Sixth & Chestnut Sts., 
or at the Depository 

Whore is constantly kept on hand, 


also offered for sale 
Fire-brick & Tile 

Of a superior quality, manufactured in part from the materials of which 
china is composed. — These have been proved, by competent judges, to be 
equal to the best Stourbridge Brick. 

Eight years later the following advertisement (l!,) appeared. 

Abraham Miller 
has removed his manufactory 
From Zanc Street to James, near Broad Street, 

Spring Garden 

where his works are now in full operation, conducted by his late Foreman, 
Mr. C. J. Boulter. 


A large Assortment of Portable Furnaces, Stove Cylinders, Fire Bricks 
and Slabs, *. ' 


Philad’a December 22d 1840. 
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In 1842, James Glover started the manufacture of refractories 
at Bolivar. The clay is of good quality, and refractories are still 
made there. In 184£, Kier Brothers started to' manufacture at 
Salina. In 1859, Soisson and Company began manufacturing 
at Connells ville; and in 1865, the Star Fire Brick Works were 
built at Pittsburgh. 

After this, so many firebrick plants were opened in the state 
that it assumed the leading position in the manufacture of refrac- 
tories. The factors contributing to this great development were 
the excellent deposits of clay, especially flint clay ; the abundance 
of coal; and the ease of distribution. 

Missouri . — In the year 1846, the excellent clay deposits of the 
St. Louis district were opened up. In 1851, the Christy Fire 
Clay Company was started; and in 1855, both the Evans and 
Howard and the Laclede Fire Brick Company followed. The 
St. Louis district was one of the largest producing centers at 
this time. 

Kentucky . — This district was not opened up until about 1871, 
when fireclay from Lewis County was sent to Cincinnati. In 
1884, the clays at Amanda Furnace and Bellport Furnace were 
worked. Two years later the Ashland Fire Brick Company was 
started at Ashland. 

West Virginia . — Firebricks were not produced in this state 
until 1876, when the clays of Marion County were worked. 

Colorado . — The first firebricks made in this state were manu- 
factured at Golden during 1866. Later clay deposits were 
opened up at Pueblo and Canon City and now have a good 
reputation in the yest. 

The West Coast . — Refractory manufacture was rather late in 
developing here, but recently many excellent refractories are 
being made in both California and Washington. 

5. Silica Refractories. — Probably the first silica bricks made 
in the United States were manufactured by J. P. Alexander of 
Akron, Ohio, about 1866. J. R. Thomas made silica brick for 
the steel industry at Niles, Ohio, about 1872. He used quartz 
pebbles and a Sharon conglomerate and called the bricks u Dinas 
Silica, 7 ' as the 3 ^ were similar to the European brick of that name. 
A. Hall of Perth Amboy made some silipa bricks in 1875, but 
apparently there was no great demand for them. The modern 
silica brick of lime-bonded ganister is a more recent develop- 
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merit. In the year 1899, the first silica-brick plant was started 
at Mt. Union, which later became a great center. Silica bricks 
were made later in the Chicago district. (20) 

6. Chrome Refractories. — Chromite, mainly in the form of 
bricks, began to be used by the steel manufacturers about 1896, 
chiefly as a neutral zone between the acid and basic courses. 
Only a few firms have been manufacturing chrome bricks. 

7. Magnesite Refractories. — Magnesite as a steel-furnace 
lining was suggested in Europe as early as 1860 but did not 
come into regular use until 1880, when it was found that the 
Austrian material could be fritted down into a good bottom. 
Styrian magnesite was imported into this country in 1885 and 
was used by the Otis Steel Company in the first open-hearth 
steel plant in the United States. However, it was not a com- 
mercial success. In 1888, magnesite was used successfully by 
Carnegie, Phipps & Co. at Homestead. From this time, the use 
of magnesite increased rapidly because the general advantages 
of the basic process over the acid process became evident to all. 

In the year 1898, 16,000 tons of Austrian dead-burned grain 
were imported. Bricks were at first imported, but later they were 
made in this country by a few companies. 

8. High-alumina Refractories. — The first bauxite discovered 
in the United States was found near Rome, Georgia, during 
1888. c 115 The Arkansas bauxite deposits were discovered in 
1891. The production from the latter source increased rapidly, 
until now it supplies a considerable part of the domestic demand. 
Coastal bauxite of Georgia was discovered and described in 1909. 
A number of small deposits are now being worked. 

Missouri diaspora was recognized in 1917 as a source of material 
for super refractories. This discovery has made Missouri one 
of the most important producing states. 

The importation of gibbsite from Dutch Guiana in the last 
few years has supplied a very high-grade material to the manufac- 
turers of refractories. 

The deposits of sedimentary kaolin on the southern coastal 
plain have been known from the time of the first settlers. The 
remarkable beds form probably the largest supply of uniform 
and pure high-grade clay in the world. The suitability of kaolin 
for refractories was known as early as 1837 in Bennington, but 
the southern kaolin is of a purer grade and possesses a high 
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vitrifying point and a very large shrinkage. These properties 
for many years have prevented its use in a refractory. In the 
last few years, however, it has been possible to manufacture a 
successful refractory out of this pure kaolin. 
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CHAPTER IV 


SOME FUNDAMENTAL CONCEPTS OF MATTER IN THE 
SOLID STATE 

1. Introduction. — The following chapter has been prepared to 
give in the briefest possible space a view of our modem concepts 
of matter in the solid state. It is, of course, impractical in the 
space available more than to outline this subject, but the author 
feels that the remainder of the chapters cannot be soundly con- 
structed without the firm foundation presented here. It is hoped 
that the readers will sec many illustrations that will explain by 
the principles of crystal chemistry the underlying cause of various 
phenomena occurring in the refractories industry. Those wishing 
to go further than this brief outline should consult the bibliog- 
raphy referred to throughout the chapter. 

The Crystalline and the Glassy States . — All solids, either inor- 
ganic or organic, may be divided into two major groups on the 
basis of their atomic arrangement: the crystalline state and the 
glassy state. The essential difference between them is that in 
the crystalline state, the atoms are arranged in a symmetrical, 
periodic network whereas in glasses, the atoms are arranged in a 
nonsymmetrieal, nonperiodic, random network. It is this 
absence of periodicity, symmetry, and regular continuity in the 
arrangement of the atoms that gives glasses their nonvectorial 
properties. The atoms in glasses are held together by bonds of 
all varieties of strengths, and consequently glasses soften gradu- 
ally when heated and have no sharp melting point. Of course, 
the atomic*, bonding strength in crystals is not uniform throughout 
the crystal, but there is a considerable proportion of the bonds of 
exactly equal strengths. Hence many crystals have a relatively 
sharp melting point. The symmetry of the atomic arrangement 
in crystals and the periodic repetition of the same atomic motif at 
regular intervals result in vectorial properties (i.c., variation of 
properties with crystallographic direction) in the crystalline state. 
X-ray powder pictures of crystalline materials consist of a number 
of sharp rings, but glasses produce only a few broad, diffuse rings. 
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A fundamental law of nature is that all matter tends to reach 
equilibrium with its environment. To accomplish this, the 
atoms try to arrange themselves in a structure having the mini- 
mum free energy for that particular compound; and, at ordinary 
temperatures, the structure is usually an ordered crystalline 
arrangement. In the solid state, this tendency manifests itself 
in the formation of crystals that are most in “harmony” with 
their physicochemical environment, chemical composition, and 
mode of formation. We may generalize and say that a glassy 
structure, at ordinary temperatures, is the metastable phase and 
that, even though it may exist for an almost indefinite period of 
time, it may eventually be converted to the crystalline arrange- 
ment, which is the stable phase. Since the glassy state is uncom- 
mon in nature, natural minerals with a glassy or amorphous 
structure form only an insignificant percentage of the earth's 
crust. Glass can be produced in the laboratory or factory under 
special conditions, and the tendency for its formation varies, 
depending on the chemical composition of the melt, the rate of 
cooling, and the presence of mineralizers. The glassy phase 
plays an important role in the manufacture and use of refractories 
especially as a cement to hold particles together on firing and thus 
to give mechanical strength. On the other hand, too much or too 
fluid glass will reduce the high-temperature strength, as discussed 
in Chap. XIII. Some of the properties of the crystalline solids 
will next be considered. 

Crystals . — Because most matter in the solid state is crystalline, 
a knowledge of crystallography is a necessary prelude to the study 
of solids. In this section, a few of the fundamental aspects of 
crystallography will be briefly reviewed. The reader may refer 
to the books listed in the bibliography at the end of the chapter 
for more detailed discussions of this topic. 

The most obvious characteristic of crystals that have grown 
freely is their, external form. The geometrical study of the 
mutual relationships of the faces of crystals is known as “morpho- 
logical crystallography," and for over one hundred and fifty 
years crystallographers were mainly interested in and devoted 
most of their attention to this type of investigation. As a 
result, thousands of. crystals were measured and the data were 
used for purposes of description and identification. < 22 > The 
principal fact to emerge from this welter of data was that, regard- 
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less of the amount of malformation of the crystal and apparent 
lack of symmetry, all crystals could be classified in one of a 
limited number of classes based upon their symmetry. The 
slopes of the faces and the interfacial angles of crystals of the 
same compound measured at the same temperature are always 
the same, regardless of the shape of the crystal or the relative 
sizes of the faces ( Steno’s law , 1669), as shown in Fig. 3 and the 
illustrations in the section on crystal growth. Moreover, careful 
measurements showed that the indices (intersections of face 
with the crystallographic axes) of most faces of the crystal could 
be represented by small whole numbers ( law of rational indices). 
These observations led to speculation on the general architecture 



Fig. 3. — Steno’s law. Regardless of the sizes of the faces, interfacial angles 
between similar faces of the same substance are the same when measured at the 
same temperature. (.4.. F. Rogers.) 


and ultimate building blocks of crystals; but not until the year 
1912, with the discovery of X-ray diffraction by crystals was the 
orderly, systematic arrangement of atoms in the crystalline state 
proved experimentally. Since that time, interest has swung 
toward the more fundamental internal symmetry (atomic 
arrangements), because the external symmetry is but one mani- 
festation of the crystal structure. 

A piece of glass cut in the shape of a quartz crystal remains 

glass, for it has no vectorial properties. Because the atoms have 

a regular periodic arrangement, a piece of quartz without plain 

faces is still a crystal and hence has vectorial properties. In 

other words, the absence of faces from a crystal does not prove 

the absence of crystallinity. The fundamental feature that 

differentiates the glassy from the crystalline state is the atomic 

arrangement. It is the absence of symmetry and periodicity 

in the glassy state” that distinguishes it from the crystalline state. 

The external crystal form is a relatively minor feature of the 

crystal and is influenced by many factors, as will be seen in a 

later section on crystal growth lISc Lih 

_ . mi imo ts lore 
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X-ray diffraction studies show that the atoms in crystals are 
arranged in an orderly, systematic manner and that the atomic 
motif is repeated at regular intervals. This orderly atomic 
arrangement determines the physical and chemical properties of 
crystalline compounds; hence it is the most fundamental feature 
of the crystal. The atomic arrangement may be determined by 
X-ray diffraction studies, and the correlation of crystal structure 
with properties has developed into the important field of crystal 
chemistry. 
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Fig. 4. — Two-dimensional 
pattern. The black commas 
represent the motif and lighter 
lines are the symmetry elements. 
( Buerger and Lufcesh, courtesy 
of Technology Revieio.) 
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Fro. 5. — Symmet ry oper- 
ations. (a) Translation ; 
( [h ) sixfold rotor; (c) reflec- 
tion; (d) glide reflection. 
{Buerger and Lukash, cour- 
tesy of Technology Review.) 


The ' motif may be a single atom, a group of atoms, or a. mole- 
cule, depending upon the chemical composition and structure 
of the crystal. Crystals may therefore be treated as three- 
dimensional patterns. The fundamental feature of such patterns 
is that they are based on certain symmetry operations and only 
a limited number of unique types are possible. In two-dimen- 
sional patterns such as wallpaper or tile designs, 17 types are 
possible {plane groups'); and in three-dimensional patterns such 
as crystals, 230 unique types are possible {space groups ), Thus 
the motif ma.y be simple or very complex, but there are a restricted 
number of ways in which it can be repeated in a plane or in a 
crystal. A typical two-dimensional pattern is shown in Fig. 4 
with commas representing the motif. The solid lines represent 
reflection lines; dashed lines are glide lines; the small squares arc 
fourfold rotors; and the small ellipses are twofold rotors. A 
single comma placed in this group of symmetry operations is 
developed kaleidoseopically into the pattern of commas. 
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The symmetry operations (Fig. 5) are aw follows: 

Rotors or Axes: These repeat a motif two, three, four, or six times about a 
point in a plane. Fivefold rotors, so common in biology, and seven-, eight- 
arid higher fold rotors are not used in crystal- 
lography. 

Reflection: This operation acts like a mirror, 
making one half of the pattern or crystal look like 
the other half. 

Center or Center of Inversion: This point causes 
every point or plane in the crystal to have a sim- 
ilar point or plane on the opposite side of the 
crystal, both being equidistant from the center 
(Fig. 6). 

Rotary Reflection: The term means a combina- 
tion of a four- or sixfold rotor and a reflection. 

Rotary Inversion: This implies combination of a 
sixfold rotor and a center. 

Translations: They extend the pattern in all 
three dimensions; the translation along parallel 
directions of the crystal are the same, and the 
unit translation in a given direction is character- 
istic of the compound. Its value lies in its use 
for identification purposes. 

Glide Plane: This is a combination of reflection 
and a half-unit translation. 

Screw Axis: This is a combination of two-, 
three,- four-, or sixfold rotor and translation of 
one-half, one-third, one-fourth, or one-sixth the 
unit translation; it may be right- or left-handed. 

Various combinations of symmetry 
operations are possible; and if all are com- 
bined in a systematic manner, 230 unique 
space groups, or collections of symmetry 
elements, are derived. Certain combina- 
tions of symmetry operations automati- 
cally introduce other symmetry operations; 
e.g ., the combination of a fourfold rotor 
and a reflection plane normal to the rotor 
necessarily forms a center of symmetry at their intersection. It 
is interesting to note that the space groups were derived some 
years before their actual existence in crystals was proved experi- 
' mentally. In the International Tables for Determination of 
Crystal Structures* 65 * are drawings showing the positions'’ of the 
symmetry elements and their mathematical relations in the 
230 space groups. 



Fio. 6. — (a) and ( b ) 
Oblique and top views 
of a natural crystal of 
beryl; (c) idealized draw- 
ing of the top view of the 
same crystal showing six 
planes, a center, and a 
sixfold axis of symmetry. 
(L. ,J. Spencer, “ A Key 
to P redouts Stones”; 
Blackie. cb Son, Ltd., 
Glasgow.) 
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We may better understand crystal patterns by considering tho 
simpler two-dimensional patterns such as textiles or wallpaper. 
Figure 7 shows a two-dimensional pattern in which each dot 
representing the motif is repeated at regular intervals. The 
portion of the pattern outlined by the heavy solid line is tho 
unit cell, i.e., the smallest portion that contains a complete unit 
of the pattern. If we made a rubber stamp of the unit cell and 
stamped it at all the translation units, we should develop the 
extended pattern. The dotted lines outline an alternative 



Fig. 7. — A two-dimensional lattice with two possible unit cells. Planes a and h 
have a greater chance of appearing as faces on the crystal than planes c because 
they are closer packed. d a , db, and d c correspond to spaeings between different 
planes which would show up as three different lines on an X-ray powder film, 


diamond-shaped unit cell even smaller than the face-centered 
cell. The choice of the unit cell is somewhat arbitrary, but the 
crystallographer usually chooses the one that has the smallest 
axes, is the simplest, and best conforms to symmetry require- 
ments. In this case, we have chosen the unit cell parallel to 
the principal lattice lines. 

The unit cells are stacked together, forming throughout the 
pattern a continuous network, which is shown by the lighter solid 
lines. In two dimensions such a network is called the “lattice 
net” and, in three dimensions, the “space latticed * Thus the 
space lattice of a crystal is the network of points outlining the 
repeat period in # three dimensions, and it serves as the coordinate 
system to which the pattern may be referred. Figure 8 shows 
the 14 space lattices, derived many years ago by Bravais, 
Although the choice of the unit cell at times may be arbitrary, 
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Fig. 8 . — The unit cells of the 14 Bravais space lattices. The lattice is con- 
tinuous in all three dimensions and only the smallest complete units are shown. 
(1) Triclinic; (2) monoclinic; (3) monoclinic end-centered; (4) orthorhombic; (5) 
orthorhombic end-centered; ((5) orthorhombic body-centered; (7) orthorhombic 
face-centered; (8) hexagonal, simplest coll' is one- third hexagonal parallelepiped ; 
(9) rhombohcdral; (10) tetragonal; (11) tetragonal body-centered ; (12) isometric; 
(14) isometric body-centered; (15) isometric face-centered. (From TV. L. JSraog , 
** Atomic Structure of Minerals” ; Cornell University Press.) 
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the crystal can have only one type of lattice. The generalized 
case is the triclinic lattice, where points occur at corners of a 
parallelepiped and the interaxial angles and axes are all unequal 
(Fig. 8-1). The simplest case is the primitive cubic lattice, in 
which the lattice points occur at the corners of a cube (Fig. 8-12), 
If the two-dimensional lattice of Fig. 7 were continued in three 
dimensions, a face-centered cubic lattice would be developed. 
It should be noted that in the two-dimensional lattice shown in 
Fig. 7, there are two lattice points per unit cell. This follows 
from the fact that one lattice point is in the middle of the cell 
and the four lattice points at the corners are each shared by 
four cells so that each corner contributes one-quarter point to the 
unit cell. If an atom was situated at each point of this two- 
dimensional lattice, there would be two atoms per unit cell; 
or, if the points were occupied by molecules, there would bo two 
molecules per unit cell. The same idea holds for three dimensions. 

The group of symmetry elements characteristic of the external 
symmetry or geometrical form of the crystal are known as the 
“point group” or “crystal class.” There are 32 crystal classes, 
including a class with no symmetry. Examples of all classes 
have been found. The symmetry elements that are systemati- 
cally combined to derive the crystal classes are those given on 
pages 30 and 31 with the exception of translations, glide planes, 
and screw axes, for the latter operations are not necessary for the 
development of symmetry about a 'point. 

Geometrically similar faces of a crystal constitute a form. 
For example, the cube is a form with six faces in the hexoctahedral 
class ofjthe isometric jsystem. The indices of these faces are 
(100), (100), (010), (010), (001), and (001). The index of the 
form is {100}. Each crystal class has seven forms. Unfor- 
tunately, crystallographers are not in complete agreement on the 
terminology used for the names of the forms. It is best to use 
indices to describe the form, for these cannot be varied and are 
universally understood. 

Each of the 32 classes can be referred to one of six crystal 
systems. These systems are based on the symmetry of the crystal 
and imaginary reference axes coinciding with certain important 
directions in the crystal. For example, sodium chloride com- 
monly crystallizes in cubes and belongs to the isometric system. 
The thiee axes are taken parallel to the edges with their origin 
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at a corner of the cube. If the habit of sodium chloride were 
octahedral, it would still be classified as an isometric crystal 
because the choice of the axes is based on the type of space 
lattice. It should be kept in mind that crystals are classified 
into systems on the basis of their symmetry rather than the 
lengths of the axes and the interaxial angles. For example, a 
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Fig. 9. — The six crystal systems. (a) Isometric, a — a = a, all angles 90°; 
( b ) tetragonal, a = a c, all angles 90°; (c) orthorhombic, a h c, all 

angles 90°; (d) hexagonal, a i — = flj ^ c, c A a = 90°, a i A an — (30°; (r) 

monoclinic, a ?*= h 9 ^ c, c A b = 90°, c A a = /3 9 ^ 90°; (/) triclinic, a 7 ^ b 5 ^ c, 
a A b = y ^ 90°, a A c — fi 90°, b A c = <x 9 ^ 90°. 


crystal ma3 r sometimes be placed in the orthorhombic system 
because the axes are orthogonal, whereas X-ray studies reveal 
a space group consistent with the monoclinic system . 

In the following description of the six crystal systems, the 
letters a, h, and c refer to axes of different length but the a-axes 
in any one system are of the same length. 

Isometric System; Three mutually perpendicular a-axes (Fig. 9a) . 

Tetragonal System: Two a-axes in a horizontal plane are normal to each 
other and to the vertical e-axis (Fig. 9b). 

Orthorhombic System: Three mutually perpendicular axes a , b , and c 
(Fig. 9c). 
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Hexagonal System: Three a-axes making an angle of 120 deg. with one 
another are in a horizontal plane normal to the vertical c-axis (Fig. 9 d). In 
English textbooks, this system is split into a hexagonal and a rhomb ohedral 
system giving seven systems, but this has not been followed by American 
crystallographers. 

Monoclinic System: b and c are in a vertical plane and normal to each 
other, but a is not perpendicular to this plane (Fig. 9e). 

Triclinic System: c is vertical, but the angles between a , b, and c are 
different and other than 90 deg. (Fig. 9/). 

For uniformity in description, crystals are oriented in a special 
way. The method most often followed is to place the c-axis 
vertical and parallel to the most highly developed morphological 
zone; the 6-axis is horizontal from right to left; and the a-axis is 
horizontal from front to back. In the oblique systems, the 
a-axis slants toward the observer, and the axial angles are indi- 
cated in Fig. 9. 

Chemically and structurally unlike crystals such as sodium 
chloride and diamond may have the same crystal system. Never- 
theless, the concept of crystallographic axes is as indispensable in 
the study of crystals as coordinate axes in analytical geometry. 
They serve as a convenient coordinate system in the study of 
crystal morpholog 3 r as well as of crystal structure. 

Crystals may occur as intimate intergrowths, parallel growths, 
and twirls. The last are rational, symmetrical intergrowths of 
two or more individual crystals. 

In summary, all crystals have a unique space group that gives 
the symmetry of the atomic arrangement, a space lattice outlining 
the general architecture of the crystal, a unit cell containing the 
smallest unit of the atomic pattern consistent with the symmetry 
of the crystal and whose dimensions are helpful for classification 
and identification purposes, a crystal class, and a crystal system. 
This information can usually be obtained from X-ray diffraction 
studies. The determination of the arrangement of the atoms in 
the motif and the actual positions of the atoms is still another 
story and can be found in the references. 

Minerals . — Minerals are homogeneous, inorganic compounds 
occurring in nature. They are usually solids (water is a notable 
exception) with characteristic crystallographic, optical, and 
physical properties. Most minerals are crystalline, and many 
form well-shaped crystals. Amorphous minerals are uncommon, 
forming only a small part of the mineral kingdom. Minerals are 
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rarely pure, and the ehemieal composition may vary considerably 
from the theoretical formula. The compositional variation 
follows definite physicochemical and atomic rules of solid solu- 
tion. Since the properties of a compound vary with its chemical 
composition, and minerals are rarely pure, it is extremely impor- 
tant to study these relations as well as the properties of the pure 
compound. That portion of the discussion will be taken up in 
the section on crystal chemistry. It should be kept in mind that 
each mineral species is homogeneous and has a definite crystal 
structure; consequently, intimate submioroscopic intergrowths 
of two or more minerals do not constitute a new species. 

Although there are about 1,500 mineral species, only a few 
hundred occur in more than insignificant amounts. The most 
complete description of the mineral species is in Dana’s “System 
of Mineralogy/’ t2) which is now being completely revised. Com- 
pilations of data on new species are published occasionally in the 
American Mineralogist and the Mincralogical Magazine (London). 
The works of Groth (12) Doelter, (7) and Hintze (1:{) are also very 
helpful. Winchelh 41 ’ has compiled data for synthetic minerals, 
and various textbooks on the principles of mineralogy are 
available. (44,U>,SK) The tables at the end of Chap. V list the 
, refractory minerals. 

Minerals may be formed in a number of ways, such as crystal- 
lization from a molt or precipitation from solution, and many 
minerals can also be made in the laboratory. The latter are 
sometimes called “artificial,” which implies that they are not 
genuine. This usage is incorrect, since minerals made in the 
laboratory have the same physical properties and crystal struc- 
ture as minerals occurring in nature. For example, ruby (a 
variety of corundum) may be made by melting AlaOa with traces 
of O 2 O 3 as a coloring agent. This forms a gem whose physical 
and chemical properties are identical with that of the natural 
ruby. On the other hand, a spinel mineral containing vanadium 
oxide as a coloring agent is often sold as alexandrite. It is an 
imitation and should be called “artificial alexandrite,” since the 
true alexandrite is Be Al 2 0 4 with Or^Os as a coloring agent and 
is not a member of the spinel group. Some question may be 
raised as to the use of the term “synthetic” in the case of the 
production of such minerals as corundum hi the laboratory, 
because it is not prod\iced by a fusion of aluminum and oxygen 
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atoms but instead by melting natural AI2O3 and hence, in the f 
strictest sense, is not synthesized. Nevertheless, with the 
exception of the mode of formation and occurrence, there is no 
essential difference between minerals occurring in nature and 
those formed in the laboratory or factory. Therefore the term 
“synthetic” is preferable to “artificial.” 

Rocks . — -Minerals are the integral components of rocks, which 
therefore can be classified according to the amount of each 
mineral species present. The most important rock-forming 
minerals are quartz, feldspar, mica, amphiboles and pyroxenes, 
feldspathoids, olivine, etc. The assemblage of minerals com- 
posing the rock and its texture are characteristic of the rock and 
its mode of formation. Thus, the mineralogical composition , 
of granites and rhyolites is the same, but their textures are 
different. The granites contain relatively large crystals because 
they have crystallized slowly at depth; whereas the rhyolites 
have cooled relatively rapidly on or near the surface, and con- 
sequently their crystals are small. On the other hand, the 
composition of granite differs greatly from that of gabbro, 
although the size of the crystals and the textures of the two are 
similar. Some rocks are composed of only one mineral, notable 
examples being limestone, composed of calcite, and sandstone, 
composed of quartz. The texture of such refractory raw mate- 
rials as magnesite and chromite has an important bearing on 
their firing characteristics. 

2. Crystal Chemistry. — The relationships among chemical 
composition, physical properties, and crystallographic properties 
have been long the subject of considerable study and interest. 
The scope of the work was limited necessarily owing to the fact 
that the atomic arrangements controlling these relationships 
could not be determined. During the past twenty-five years of 
research in the analysis of crystals by X-ray diffraction methods, 
the crystal structure, i.e., the arrangement ' and packing of the 
atoms, of many compounds has been determined. (21) With the 
accumulation of structural data, a new field of research or, more 
correctly, a new viewpoint has emerged which has been called 
“crystal chemistry.” Stillwell c ‘ J6) defines it as “the study of 

(1) the laws governing the arrangement of atoms in solids and 

(2) the influence of the arrangement and electronic structure of * 
the atoms upon the physical and chemical properties of the solid.” } 
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Crystal chemistry is a rational and fundamental approach to 
many problems in the 4 fields of ceramics, metallurgy, mineralogy 
and crystallography, chemistry, and physics, and its great 
promise in the solution ol many diverse problems will be apparent 
in the following pages. Its very newness (it is not more than 
fifteen years old) and incompleteness add greatly to its interest. 
Evans, (1(W Stillwell/ 5 " 5 ' Goldschmidt, (2S > Hume-Rothcry/ 775 and 
Desch (57) give interesting accounts of many aspects of crystal 
chemistry. 

For ease in description in the later sections, the capital letters 
A, B, C are used to denote 1 cations such as Na, Ca, and Ti, and 
X, Y, Z stand for anions such as Cl, (), and F. Thus a compound 
written AX could represent N T aC'l or i\Ig(), and .1XA could stand 
forCaFs, TiO*, etc. The al)breviatiou A. stands for an angstrom 
unit, which is equal to 10 ” s cm. In the following discussion, 
the words “atom” and ‘‘ion” will be used interchangeably when 
the usage is not confusing. 

Atomic Structure.-- All matter consists of very* small particles 
called “atoms.” Wo may think of atoms as being made up of 
electric chargers distributed through a small sphere 4 whoso effective 
radius is of the order of 1 A. The radius can bo measured with 
great accuracy and is dependent upon the nature of the element,, 
its state of ionization, the manner in which it is bonded to 
adjacent atoms, and other factors. The mass of any atom is 
1.65 X 10~ 24 g. times its atomic weight, and practically all the 
mass is confined to the nucleus- - an extraordinarily small part 
of the atom ( 1 0 1 12 cm. in diameter). The nucleus contains the 
positive charges (protons), neutrons, and other particles. It has 
a very complex st met ure whose 4 exact nature has not yet been 
determined; but it does not enter into our discussion, since it is 
not concerned in chemical combination. 

The cxtranuolear portion of tlu 4 atom is made up of electrons, 
which are negatively charged particles. The mass of an electron 
is 9.1 X 10~ 2R g., or 1/1,838 of the mass of the proton. The 
electric charge of the nucleus determines the number of electrons, 
and this is given by the atomic* number for electrically neutral 
atoms. Thus, hydrogen with atomic number 1 has one electron; 
helium with atomic number 2 has two electrons; and so on up to 
uranium with atomic number 92 and ninety-two electrons. An 
atom can lose or obtain electrons. If one electron is lost, the 
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atom is singly positively charged ; if two electrons are lost, it 
become^ a doubly positively charged ion; if the atom gains an 
extra electron, it becomes a negatively charged ion. 

Isotopes are atoms with the same atomic number, different 
atomic weights, and practically identical chemical pix>perties. 
When the atomic weight of an element is determined by chemical 
methods, the mean value of the various isotopes is obtained. 
Therefore, the atomic weight is not so fundamental as the atomic 
number, which gives the number of electrons and indicates the 
chemical properties of the atom. 

Modem wave mechanics has shown that we must turn from the 
simple Bohr model of electrons traveling in definite orbits to a 
considerably modified and more complex atomic model based on a 
statistical wave picture. For example, we must now regard the 
hydrogen atom as a nucleus surrounded by an electron whose 
probable position in a certain region at a given time is treated 
by the wave mechanics of Heisenberg and Schrodinger. This 
complex picture can be simplified by assuming that the mag- 
nitude of the force attracting the electron toward the nucleus 
is dependent only on the distance between them; i.e., it is 
a central force. In this way, an approximate average position 
of the electron is obtained that is sufficiently accurate for most 
purposes. 

In the vector model of the atom, each electron is characterized 
by certain quantum numbers, n is the total quantum number 
and is an integral number from 1 up. Electrons having n = 1 
are in the K shell; n — 2, the L shell; n = 3, the M shell; etc. 
The lower the total quantum number the greater is the binding 
energy, and thus electrons in the K shell have a higher ionization 
potential than those in the L, M, . . . shells. - The subsidiary 
or orbital quantum number l expresses the ellipticity of the orbit ' 
and can have any integral value from 0 to n — 1; thus, if n = 3, 

Z = 0, 1, or 2. If l = 0, the orbit is spherical; if l = 1, the orbit 
is ellipsoidal; if l = 2, the orbit is more ellipsoidal; i.e., the ratio 
of the major to the minor axes of the ellipsoid becomes larger 
as l increases. The electrons with l = 0 are called $ electrons; 
l = 1, p electrons; l = 2, d electrons; l = 3, / electrons. The 
number of electrons required to complete a shell of quantum 
number n is 2n 2 , and the number required to complete a subgi’oup 
of quantum number l is 2(2Z + 1). 
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To illustrate this nomenclature with an actual example, we 
can use sodium, whose atomic number is 1 1 and thus has eleven 
electrons. These electrons are distributed as follows: two 5 
electrons in the spherical K shell, n = 1, l = 0; eight electrons 
in the L shell, two of which are s electrons in the spherical sub- 
group n = 2, l — 0 and six electrons in the ellipsoidal subgroup 
n = 2, l = 1 ; one s electron (the valence electron) in the M shell 
n = 3, l = 0. The notation used to describe this configuration 
is (ls) 2 (2s) 2 (2p) r, (3s), where the exponents give the number of 
electrons in each quantum state, the number in the bracket is the 
w value, and the letter is the l value. The notation (2) (S) ( 1 ) is 
used to denote the number of electrons in the K , L , M, . . . 
shells without regard to subgroups; and in this case, there are two 
electrons in the K shell, eight in the L shell, and the valence 
electron in the M si i ell. 

s, the spin quantum number, is always equal to and is intro- 
duced to represent the angular momentum of the electron about 
its own axis. (It should not be confused with the s used above 
to denote the value* of an electron l — 0.) The (plan turn number 
j expresses the total angular momentum of the atom. It is the 
resultant of the spin and orbital moments. 

./ = /■+- s vector 

If the atom is placed in a strong magnetic field, two additional 
quantum numbers are added: m s , the magnetic spin quantum 
number, which may be either + . l, 2 or —} 2 depending on whether 
the axis of the spin is parallel or antiparallel to the applied field, 
and mi, the magnetic orbital quantum number, which is an 
integer and may have any value from —l to +/. The important 
principle of Pauli states that no two electrons in an atom , can have, 
an identical set of quant wm. numbers. This simply means that no 
two electrons can be at the same place at the same time. Thus, 
there can be only two Is electrons, two 2s electrons, six 2 p elec- 
trons, etc. Table 5 gives the electronic configurations of the 
atoms in their normal states. 

Figure 10 is a graphical representation of the distribution of 
the electrons as a function of the radius for the sodium, potassium, 
and chlorine atoms. Although the picture of electrons moving in 
regular orbits is no longer tenable, note that the peaks of the 
curves are rather sharply separated, indicating a large eoneentra- 
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tion of electrons in a narrow region. This resembles the familiar 
idea of electron shells. The following may also be observed from 
Fig. 10 d: The K and L shells of Cl~ are closer to the nucleus than 
in Na+ as a result of the higher nuclear charge (and consequently 
•greater attraction) in Cl~; the K and L shells exert a screening 
effect so that the effective positive charge on the electrons in the 
M shell is reduced, resulting in a much more diffuse distribution 





Fig. 10. — Electron concentration as function of atomic radius. (a) Na, ( b ) 
K f (c) Cl [Pauling 10 *]; (d) Na + and Cl - ions [Pauling]; (e) KC1 [Bragg A*]; note 
correspondence of peaks of curves to electron shells. • [(a), (6), (c), (d) From 
Linus Pauling, “ Nature of the Chemical Bond"; Cornell University Press, (e) 
from W. L. Bragg , “ The Crystalline State," Vol. I; The Macmillan Company.] 


of electrons in the M shell. The same is true in the case of 
KC1 (Fig. lOe). The drawings in the upper part of Fig. 10 have 
been taken from Pauling^ 108 ^- 3365 and illustrate the same prin- 
ciple, viz., the greater concentration of electrons in certain areas 
of the atoms. 

Atomic Structure and the Periodic Table . — The regular recur- 
rence of elements with similar properties in the Periodic Table 
results from the electronic structure of the atom. Generally, 
only the electrons in the outermost shells— the valence electrons 
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shells form complete groups and are bound tightly to the nucleus 
whereas the valence electron is held rather loosely so that elec- 
trical conductivity is high and other metallic properties are 
marked. Figure 11 shows the Periodic Table arranged to 
emphasize the role of the extranuclear structure. The horizontal 
rows are the familiar periods, and the lines connect elements of 
similar properties; the dotted lines are explained below. 

If we imagine the consecutive elements being formed by the 
addition of one electron at a time, we see that the recurrence of 
similar elements takes place after the formation of complete 
shells of electrons. The first period contains only two elements 
hydrogen and helium, since the K shell (n = 1) is complete with 
two electrons in helium. Lithium is formed by the addition of 
a third electron which must go into the L shell (n = 2), since the 
K shell can accommodate only two electrons. The second 
period, lithium-neon, is completed with neon, atomic number 10, 
which contains two electrons in the K shell and eight in the L 
shell. Similarly, the third period, sodium-argon, is completed 
with argon which has two electrons (n = 1) in the K shell, eight 
| electrons ( n = 2) in the L shell, and eight electrons (n = 3) in 
the M shell. The K and L shells containing two and eight 
electrons, respectively, remain unchanged in elements of higher 
atomic number. The addition of one and two electrons to the 
argonlike atom to form potassium and calcium, respectively, 
is perfectly regular; but when another electron is added to form 
scandium it enters the inner shell M rather than the outermost 
shell N. With the further addition of electrons, the M shell 
expands from nine to sixteen electrons,* forming the transition 
elements scandium-nickel. These elements are important in 
ceramics as the chief source of color. The remaining elements of 
the fourth period, copper-krypton, have complete K, L, and M 
shells; this period is completed with the inert gas krypton whose 
structure is (2) (8) (18) (8). A similar phenomenon takes place in 
the fifth period, where the N shell expands from eight to eighteen 
electrons with the formation >of a second group of transition 
elements, yttrium-palladium. Xenon, (2) (8) (18) (8), completes 
this period. In the sixth period, another transition group is 
started with lanthanum. However, with the further addition j 
of electrons, the N shell expands and this gives rise to the rare 
earth elements cerium-lutecium. The remarkable similarity in | 
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a. All shells complete; no absorption bands in visible spectrum; these elements do not form compounds. 

b. One incomplete shell; no absorption bands in visible spectrum. 

c. Two incomplete shells; broad absorption bands in visible spectrum; variable valence; transition elements. 

d. Three incomplete shells; sharp absorption bands in visible spectrum; rare-earth elements. 
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chemical properties of these elements is due to the same electronic 
structure in the two outer shells; thus in ytterbium, the structure 
is (2) (8) (18) (31) (9) (2) and in lutecium, (2) (8) (18) (32) (9) (2). 
The transition group is completed with platinum, and the other 
elements of this period, gold-radon, are formed by the addition 
of electrons to the P shell. This period is completed with the 



Fig. 12. — (a) Model illustrating the arrangement and parking of atoms in 
copper, face-centered cubic; each sphere represents an atom of copper. This 
and other models represent a magnification of about 12.5,000,000 times. (ft) 
Iron, body-centered cubic. (c) Magnesium, hexagonal close-packed. (d) 
Chlorine, diatomic molecules; atoms tightly bound (covalent bonds) in pairs 
foiming CI 2 molecules; but molecules are loosely bound to ciioh other by van dor 

Waals bonds and hence have a low melting point. 

last inert gas, radium emanation, whose structure is (2) (8) (18) 
(32) (18) (8). Table 5 shows the electron configurations of the 
atoms in their normal states. 

An interesting study of the arrangement of the atoms in 
crystals of the elements has been made by Hume-Rothery. On 
the basis of their crystal structure, he has divided the elements of 
the Periodic Table into three groups, shown by the dot-dash lines 
* n All the elements in Class I have metallic properties, 
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and all have one of three typical structures: face-centered cubic, 
hexagonal close-packed, or body-centered cubic. These atomic 
arrangements are illustrated in Figs. 12a, 126, and 12c, respec- 
tively. The only exceptions are manganese and a form of 
tungsten, which have complex structures. 

The elements of Class III crystallize in such a way that each 
atom has 8-N close neighbors where N (this N is not related to 
the N of the electron shells, mentioned above) is the number of 
the column in the Periodic Table to which the element belongs. 
For example, iodine is in column 7 ; hence it has 8 — 7 = 1 close 
neighbors and accordingly forms diatomic molecules (Fig. 12 d). 
In column 6, the atoms in indium, selenium, and tellurium are 
arranged in spiral chains so that each atom has two closest 
neighbors; the sulfur structure is similar except the chain forms 
a closed ring. Arsenic, antimony, and bismuth of column 5 are 
rhombohedral ; the atoms are arranged in double layers; and each 
atom has three closest neighbors. Carbon [diamond (Fig. 136)], 
silicon, germanium, and gray tin of column 4 have similar struc- 
tures in which each atom is surrounded totrahedrally by four 
neighbors. The explanation for the structures of the elements in 
Class III lies in our discussion of the covalent bond: An atom of 
column N completes its shell by sharing one electron with each 
of 8-N atoms. Since this is characteristic of covalent bonding, 
these elements arc not true metals and do not have metallic 
properties. 

The elements in Class II do not follow any particular rule. 
Mercury, zinc, and cadmium each have six closest neighbors in 
accordance with the 8-N rule, but these elements have normal 
metallic properties. Aluminum, indium, thallium, lead, and 
white tin have structures somewhat similar to normal metals, 
but the interatomic distances are greater than one would expect, 
and probably the atoms in crystals of these elements are incom- 
pletely ionized. 

Tin is unique, since gray tin belongs to Class III and white tin 
to Class II. 

Atomic arid Chemical Bonding . — There are three principal 
types of bonds between atoms in chemical combination: the 
ionic bond; the covalent, or electron-pair, bond; and the metallic 
bond. The bonding in each of these extreme types has well- 
defined properties, but it should be kept in mind that the bonding 
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in many compounds may be more or less intermediate and the j 
transition gradual. The silicon-oxygen bonds in silica and the 
silicates are neither pure ionic nor pure covalent but instead are , 
somewhat intermediate and closer to the latter. Evans Cl03) has 
used the term “mesodesmic ” to describe these intermediate types 
of bonds. More than one type of bond can exist in the crystal, 
e.g., in pyrite, where the iron-sulfur bonds are ionic and the sulfur- 
sulfur bonds are covalent. 

Many of the simplest inorganic salts form ionic bonds. In this 
type of bond, the metallic atoms such as Na or Ag tend to lose 
their outer electrons and become positive ions, Na + , Ag + , and 
nonmetallic atoms such as Cl or I tend to obtain additional 
electrons and become negative ions, Cl~, I~. The electrostatic 
charges, or coulomb attraction, of the ions hold them together, 
and repulsion between ions increases abruptly when they are 
brought within a certain distance of one another. This type of 
bond is best illustrated by sodium chloride. A neutral sodium 
atom contains two electrons in the K shell, eight in the L shell, 
and one less firmly held electron — the valence electron — in the M 
shell. A neutral chlorine atom has two electrons in the K. shell, 
eight in the L shell, and seven in the M shell. If the sodium atom 
loses its valence electron, it becomes a positive ion with stable 
shells; if the chlorine atom obtains this electron, it becomes a 
negative ion with stable shells. In a sodium chloride crystal, 
each sodium ion is surrounded by six chlorine ions and each 
chlorine ion by six sodium ions (Fig. 13c). Therefore, the 
crystal as a whole is neutral, held together by the coulomb attrac- 
tion between ions of opposite sign. It should be noted that with 
the exception of the vapor state, there is no tendency to form 
molecules, for each ion is surrounded by six others of opposite 
sign so that no one sodium ion belongs to any particular chlorine 
ion and vice versa. Radicals such as NO^ and SO|~ may act as 
single ions and form Na+NO^ or Ba 2+ SO|~. 

In the covalent bond , a pair of electrons is shared by two atoms. 
According to the notation of G. N. Lewis, the electronic structure 
of a neutral fluorine atom is represented by :F*, whereas two 
fluorine atoms can combine to give the structure :F:F:. In 
these formulas, the symbol of the element represents the nucleus ? 
and inner electrons and the dots represent the electrons in the ;i 
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outer shell. The atoms obtain stable shells in this type of bond- 
ing by sharing a pair oi electrons. Each electron held in common 
by the two atoms spends part of the time in one atom, part in 
the other, and part in the region between the two atoms. Inter- 
atomic distances in crystals with ionic bonds are not comparable 
with those in which the bonding is covalent. The only rule that 
applies to the sharing of a pair of electrons is that they must have 
opposite spins in accordance with the Pauli exclusion principle. 
The principal elements that often form covalent bonds are 
C, Si; N, P; O, S, Se, Te; H, F, Cl, Br, I. In these groups, four, 
three, two, or one electrons, respectively, are added to form 
closed shells. 

There is no directional property in the metallic. bonds in metals 
and alloys. The crystals are composed of positive ions and 
loosely held valence electrons. Since there are not enough 
valence electrons to form stable shells for all the atoms, the 
electrons are shared by" groups of atoms. We may therefore 
consider a metal as closely packed atoms held together by a 
neutralizing, mobile electron cloud. The electrical conductivity 
of metals, a most characteristic property, results from the 
freedom of motion of the electron cloud. The bonding in metallic 
crystals is much stronger than the van der Waals 7 forces but 
weaker than pure covalent bonding. The strength and non- 
directional character of the bonds give metals a rather high 
melting point, great mechanical strength, and plasticity. 

The concept of the van der Waals 7 forces originated in his gas 
law. These bonds are much weaker than the bonds mentioned 
above and strictly speaking are not true chemical bonds. For 
example, graphite (Fig. 13a) consists of sheets of carbon atoms in 
which the CC distance between- neighbors within a sheet is 
1.42 A. and the spacing between the sheets is 3. 4 A. The bonding 
within each sheet is covalent, and the sheets are held together 
by the weak van der Waals 7 forces. The lack of strength of the 
latter is shown by the well-known physical properties of graphite 
— its softness and its lubricating properties which arise from 
the ease with which adjacent sheets slide over one another. The 
bonding within the molecules of many organic crystals is strong, 
but the molecules are held together by the weak van der Waals 7 
forces. Hence these crystals are easily deformed, very com- 
pressible, and have low melting points as a consequence of the 
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weak intramolecular forces. However, the strength ol the van 
der Waals’ forces increases considerably as the size of the molecule 
increases. In large molecules, e.g ., organic plastics, the bond 
strength between molecules can be considerable even though 
only van der Waals’ forces are acting. These forces are also 
important in the clay-water system. 

The properties associated with the various types of bonds are 
summarized in Table 6. Refer to Pauling 108 and Richtmyer 59 for 
further information. 


Table 6. — Physical and Structural Properties Associated with the 
Four Principal Types of Atomic Bonds 
(Evans a03) ) 


Property 

Ionic 

Covalent 

Metallic 

vgn der Waals 

Mechanical 

Strong, giving 
- hard crystals 

Strong, giving 
hard crystals 

Variable strength. 
Gliding common 

Weak, giving soft 
crystals 

Thermal 

Fairly high melt- 
ing point. Low 
coefficient of ex- 
pansion. Ions in 
melt 

High melting 
point. Low co- 
efficient of expan- 
sion. Molecules 
in melt 

Variable melting 
point. Long liq- 
uid interval 

Low melting 
point. Large 
coefficient of ex- 
pansion 

Electrical 

Moderate insula- 
tors. Conduc- 
tion by ion trans- 
port in melt. 
Sometimes solu- 
ble in liquids of 
high dielectric 
constant 

Insulators in solid 
and melt 

Conduction by 
electron transport 

Insulators 

Optical and 

Absorption and 

High refractive in- 

Opaque. Proper- 

Properties those 

magnetic 

other properties 
primarily those 
of the individual 
ions, and there- 
fore similar in 
solution 

dex. Absorption 
profoundly differ- 
ent in solution or 
gas 

ties similar in 
liquid 

of individual 
molecules, and 
therefore similar 
in solution or 

gas 

Structural 

Non directed, 
giving structures 
of high coordi- 
nation 

Spatially directed 
and numerically 
limited, giving 
structures of low 
coordination 
and low density 

Nondirected, 
giving structures 
of very high 
coordination 
and high density 

Formally analo- 
gous to metallic 
bond 


Coordination Number and Radius Ratio .- — As an easy intro-; 
duction to the manner in which atoms pack together and arrange ; 
themselves in crystals, let us assume that we have a number of : 
marbles of the same size in a box and that we shake them into; 
closest packing. The marbles will assume an arrangement ^ 
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familiar to those who have seen cannon balls piled up in the town 
square. All marbles except those on the surfaces of the pile 
will he surrounded by 12 other marbles all touching a central 
marble. The number of nearest neighbors surrounding any one 
marble is known as the “coordination number”; and, in this 
case it is 12. The packing is the same regardless of the absolute 
radii of the marbles so long as thejr are all of the same size. This 
type of atomic packing, illustrated in Fig. 12c (magnesium), is 
characteristic of metals. At the surfaces of the model, the atoms 
do not have their full complement of neighbors, but it is easy to 
picture the environment of an atom in the center of the model. 

Table 7. — Relations among Radius Ratio, Coordination Number, and 
Type of Structure for Ions A and X Acting as Rigid Spheres 


Radius ratio 

Ra • Ex 

Coordi- 

nation 

number 

Arrangement 

Type of structure 


1 


Single molecules (argon, 
neon, etc.), molecular lat- 
tices !l! 

Up to 0 . 15 

2 

O p p o s i t e e ucli 
other 

Double molecules, molecular 
chains; see chlorine (Fig. 
12 /J)* 

0.15-0.22 

3 

Corners of an equi- 
lateral triangle 

Heron nitride; see graphite 
(Fig. 13 a),” 4 which has the 
same structure 

0.22-0.41 

4 

Corners of a tetra- 
hedron 

ZnS; see diamond (Fig. 
136),’“ which has same 
structure 

0.41-0.73 

6 

Corners of an octa- 
hedron 

NaCl (Fig. 13c) 

0.73 and above 

S 

Corners of a cube 

CsCl (Fig. 13d) 

1 

12 

Closest packing 

Cu (Fig. 12a) * 


* Not an AX compound. 


To make the case more general, let us assume that the marbles 
are atoms, that they act as rigid spheres, and that we have atoms 
of different radii, R A and JR. X (the radii of atoms is discussed in 
the following section). In this case, the packing will be depend- 
ent on the relative radii of the atoms. For example, sodium 
chloride (Fig. 13c) is a typical ionic*, crystal in which each sodium 
atom (lt Na = 0.98 A.) is surrounded by six chlorine atoms 
(Roi = 1.81 A.) and each chlorine atom by six sodium ‘ atoms. 
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The coordination numbers of both atoms in this structure is 6, 
and the radius ratio R^ & : Ra = 0.54. However, in cesium | 
chloride (Fig. 13d), the cesium atom (R c » = 1.65 A.) has ail- 
coordination number 8 (so has chlorine) because it is considerably! 
larger than the sodium atom. Consequently more chlorine 
atoms can be packed around it, and the radius ratio in this case ; 




(a) 


(&> 




(c) id) 

Fig. 13. — (a) Graphite, threefold coordination; ( h ) diamond, fourfold coordina- 
tion; (c) sodium chloride, sixfold coordination, large darker spheres Cl — and 
smaller white spheres Na + ; ( d) cesium chloride, eightfold coordination, dark 
spheres Cl - , light spheres Cs + . 

is itJ Cs : Rc\ — 0.91. It is possible, therefore, to predict the 
coordination number, radius ratio, and packing on the assump- 
tion that the atoms act as rigid spheres. These data for AX 
compounds are listed in Table 7. 

A few examples will aid in the understanding of the principles 
developed above. The radius ratio of the alkali bromides is 

BiBr NaBr KBr RbBr CsBr 

Ra : Rx 0.40 0.50 0.68 0.75 0.84 

NaCl structure CsCl structure 
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The crystals LiBr-RbBr have the NaCl structure, and CsBr 
has the CsCl structure. This change in radius ratio, coordina- 
tion number, and structure is evidently due to the progressive 
increase in the size of the alkali ions. A similar change in struc- 
ture could be produced by an increase in the size of the anion 
as in the series CsF-CsI, in which CsF has the NaCl structure 
and CsCl, CsBr, and Csl have the CsCl structure. Note that 
LiBr has the NaCl structure, even though- its radius is in the 
range to have a coordination number 4 according to the data of 
Table 7. If the radius ratio is on the border line, there is a 
tendency to form the structure with the larger coordination 
number because it is the one with the lower potential energy. 
If this was the only factor, we should then expect RbBr to have 
the CsCl structure, for its radius is slightly greater than 0.73, 
the point at which there is a transition from the NaCl to the 
CsCl structures. One of the additional factors is polarization , or 
“deformability,” of the ions. The polarizing power increases 
with increasing charge and decreasing radius of an ion and is 
marked in such ions as Ti 4-I ~ and C 4+ . Such highly polarizing 
cations distort the larger, less highly charged anions, a factor that 
must be taken into consideration, as was pointed out by Gold- 
schmidt. The following series also shows that other factors in 
addition to radius ratio must be considered: ZrOs has eightfold 



SiC>2 

TiO s 

Zr0 2 

Ce0 2 

ThO a 

Radius ratio 

0.30 

0.49 

0.66 

0.78 

0.83 

Coordination number 

4 

6 

8 

8 

8 


coordination in spite of the fact that it is well below the transition 
value 0.73. 

To summarize: (1) The radius ratio Ra\Rx is important in 
determining the packing arrangements of simple crystals in 
which the ions behave essentially as rigid spheres ; (2) if the radii 
of the ions in a compound are known, the packing and structure 
can be predicted; (3) although the concept is also helpful in 
studying more complex crystals, other factors, particularly 
polarization, must be considered as well. 

Radii of Atoms and Ions . — A discussion and a derivation of the 
factors involved in determining the sizes of atoms and ions in 
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crystals are beyond the scope of this book, and the reader may 
refer to the excellent nonmathematical discussion of this fas- 
cinating subject by Stillwell. (96 ’ Chap - Nevertheless, a few of; 
the important features will be indicated. Although atoms are*, 
only of the order of an angstrom unit in diameter, their size can 
be measured with great accuracy by X-ray diffraction methods. 

As an example of the methods used to determine the radii of a 
series of ions, let us consider the well-known case of the alkali 
halides. The distance, which can be measured accurately by the 
X-ray methods, between the centers of neighboring ions AX is 
one-half the unit-cell edge (Fig. 13c). AX for two series of 
alkali halides are as follows: All have the NaCl structure, and 



LiF 

LiCl 

LiBr 

Lil 

AX, A. 

2.01 

2.57 

2.75 

3. 

02 


LiF 

L T aF 

KF 

KbF 

CsF 

AX, A. 

2.01 

2.31 

2.66 

2.S2 

3.01 


AX increases with change in anion (LiF-Lil) and cation (LiF-CsF) 
Since the coordination number remains the same, this progressive 
increase in AX is evidently due to an increase in the size of the 
anion in the former ease and an increase in the cation size in the 
latter case. If we know the absolute radius of one of the ions, 
say fluorine, we can derive the absolute radii of the other ions in 
the series, provided we assume that they act as rigid spheres in 
contact -with one another. Goldschmidt (28) used the. absolute 
radii F” = 1.33 A. and O 2- = 1.32A., determined by Wasastjerna 
by computations based on their molecular refraction. He sub- 
stituted these values in many series of analogous compounds 
and derived a set of ionic radii appropriate to sixfold coordination 
in ionic crystals. For example, in the preceding series, AX in 
LiF is 2.01. Subtracting 1.33 (F“) yields 0.68 for the radius of ; 
Li 4- . Knowing the radius of Li 4 ', we can determine that of Cl~ 
by subtraction: LiCl, 2.57 (AX) — 0.68 (Li+) = 1.89 (Cl“).| 
Similarly the radius of Cs + can be determined by subtraction: 
CsCl, 3.01 (AX) — 1.33 (F~) = 1.68 (Cs + ). Goldschmidt also !; 
derived the ionic radii of the divalent elements from a study of f 

ollrnlinrt f — - * 1 ‘ ' * , . I 
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and barium oxides; sulfides; selenidesj and tellurides) by the 
substitution method, using O 2 " = 1.32A. 

One of the most important results of Goldschmidt's work was 
the development of the concept of ionic and atomic radii. He 
showed that the radius of an element derived experimentally 
from a particular crystal type can be used as a first approximation 
in other crystals of the same type but that it cannot be used to 
compute the radii of elements in another type of crystal. A 
change in polarization, valence, coordination number, or type of 
bonding will cause a change in the radius of an element. Thus 
the radius of the lithium atom , Li, in twelvefold coordination in 
lithium metal is 1.50, whereas the radius of the lithium ion, Li + , 
determined from an ionic crystal is 0.68. The atomic and ionic 
radii of the elements are listed in Table 8 and shown graphically 
in Fig. 14; both are taken from Evans. {103) The atomic values 
are one-half the distance of closest approach in the structure of 
the element, and the ionic values are for sixfold coordination. 

A number of interesting generalizations have been made by 
Stillwell 0965 and Evans (103) from these data. There is a great 
difference between the radii of an element in the neutral and the 
ionized states. The positive ion of an element is always smaller 
and the negative ion is always larger than the neutral atom 
because the former has lost an electron and the latter has gained 
one. 


K(atom) K^fion.) Cl (atom) Cl~(ion) 


Electronic structure (2)(8)(8)(1) (2) (8) (8) (2) (8) (7) (2) (8) (8) 

Radius, A 2.31 1.33 0.97 1.81 

Highly charged positive ions are small (Si 4_H == 0.39, C 4-1- < 0.2), 
and negative ions are large (O 2- = 1.32, Cl - = 1.81). The 
radius decreases with increasing positive charge in a series of 
positive ions with the same electronic structure. The electronic 
structures of all the following ions are (2) (8), but the nuclear 
charge increases, causing a corresponding decrease in ionic radius. 



Na+ 

Mg 2+ 

Al 3+ 

Si 44 " 

S 6_h 

Nuclear charge 

11 

12 

13 

14 

16 

Radius, A . . . . „* 

0.98 

0.78 

0.57 

0.39 

0.34 






Atomic Number 

Fig. 14. — Atomic and ionic radii as a function of atomic number. Upper solid lines are atomic radii — one-half the distance of 
closest approach in structure of the element; lower dotted lines are ionic radii for sixfold coordination. {From R. C. Evans, “An 
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Table S. — ( Continued ) 


Element 

Atomic 

Atomic 

Atomic', 

Ionic 

Ion 

number 

weight* 

•adiusf 

radius $ 

Radium. . . . 

88 

226.05 





86 

222 





75 

186.31 

1 . 34 

0.08 

Rh : > *' 

Rhodium, . . 

45 

102.91 




Rubidium . . . 

87 

85.48 

2.48 

1.49 

Rb + 

Ruthenium . 

44 

101.7 

1 . 33 

0 . (55 

R u- 1 f 

Samarium. . 

62 

150.43 


1 .13 

Km 11 H 


21 

45. 10 

1.51 

0 . 83 

Me* >• 

Selenium. . . 

34 

78.90 

1.10 

0.3-0. 4 

Sc« h 




1.91 

Sc-" 

Silicon. 

14 

28. OG 

1 . 17 

0 . 39 

Si'* 




1.98 

Si 1 

Silver. .... 

47 

107.880 

1.44 

1 . 13 

Ag- 

Sodium. , . . 

11 

22.997 

1 . 80 

0.98 

Na<‘ 


38 

87.63 

2.15 

1.27 

Sr- * 

Sulfur 

16 

32 . 06 

1.04 

0 . 34 

K«'- 




1 .74 

s- • 

Tantalum . 

73 

108. 8S 

] . 43 

0.08 

Ta* ** 

Tellurium. 

52 

127.61 

1 .43 

0 . 89 

2.11 

1 . 09 

TV* • 

Terbium. . 

65 

159.2 


Tb« ** 





0 . 89 

T»>* 1 

Thallium . 

81 

204.39 

1 .70 

1 . 49 

T1 + 





1 .05 

Tl 3 >• 

Thorium. 

90 

232.12 

1 .80 

1 . 10 

Th* 

Thulium . 

69 

109.4 


1 . 04 

Tm !l 

Tin 

50 

118.70 

1.40 

0 . 7-1 

Sn 8 *' 





2.15 

Sir' ■ 

Titanium . . 

22 

74 

47.90 

1.40 

0 . (59 

0.(54 

Ti 3 
Ti-*'- 

Tungsten . . 

183.92 

1 . 3(5 

0 . (58 

W“<- 

Uranium. . . 

92 

238.07 

1.38 

1 . 05 


Vanadium. 

23 

50.95 

1.30 

0 . (55 

V 3 '- 





0. (51 

V*' 





i. 0.4 

V 3 ' 

Virginium . . 

87 

224 




Xenon 

54 

131.3 

2.20 



Ytterbium. 

70 

173.04 


1 . 00 

Yb 3 *' 

Yttrium. . . 

39 

88.92 

1.81 

1 . 0(5 

ya 

Zinc 

30 

65 . 38 

1.33 

0.83 

Zn- ' 

Zirconium . 

40 

91.22 

1 . 50 

0.87 

Zr* ' 


* International atomic weights, 1940, “Handbook of Chemistry and Physics, ” 24th ed. , 
Chemical Rubber Publishing Co., Cleveland, 1940. 

■]* One-half distance of closest approach in structure of the element; Evans* loa1 ; in angstrom 
units, 10“ 8 cm. 

t Ionic radii for sixfold coordination; EvansU° 3 >; i n angstrom units, IQ ™ 8 cm. 


In the case of negative ions, the change is not so pronounced: 
O 2 - - 1.32, F~ - 1.33. 

Isomorphism and Solid Solution . — A knowledge of the chemical 
composition and particularly the variation in it is extremely 
important in all types of problems in the solid state of matter. 
Spectrographically pure compounds are extraordinarily rare, and 
even chemically pure compounds contain a considerable .amount 
of impurity. To know that a compound is impure is of little 
interest unless we know how this impurity affects the physical 
and chemical properties. It is indeed desirable in many prob- 
lems to vary the chemical composition in order to produce more 



SOME FUNDAMENTAL CONCEPTS OF MATTER 


59 


desirable physical proport ies. In this section, we will review 
compositional variation from the viewpoint of modern crystal 
structure. 

The term “isomorphism” was first applied by Mitseherlich, 
in 1827, to compounds that had analogous chemical and crystal- 
lographic properties and formed solid solutions. More recently, 
structural crystallogruphers have applied the term to compounds 
with analogous crystal structures without regard to their ability to 
form solid solutions. In this sense, sodium chloride and galena 
areisomorphous, since they both have the Nad structure although 
they do not form mixed crystals. Tutton (14) has suggested the 
term “isostruetural ” for such a pair of compounds. In the fol- 
lowing discussion, the older usage of the term will be retained. 

Variations in composition may be caused by inclusions or 
admixtures, by regular intergrowths, and by solid solution. 
The first requires no discussion here, and intergrowths are 
described later. Neither type is a solid solution even if the 
intergrowth is suhmicroscopic, for each compound would give a 
characteristic X-ray diffraction pattern. There arcs three prin- 
cipal typos of solid solutions: substitutional (or proxy), inter- 
stitial, and defect. It is entirely conceivable that, inclusions, 
intergrowths, and all three types of solid solution can cause a 
variation in composition in the same compound. 

Crystal chemistry, particularly the work of V. M. Goldschmidt, 
has done much to clarify the relations between crystal structure 
and chemical composition, especially in the formation of solid 
solutions. Goldschmidt approached the problem from an almost 
purely geometrical point of view based on numerous lattice 
parameter measurements. He studied many series of similar 
chemical compounds and developed empirical rules that have 
proved extremely helpful in interpreting all types of solid-solution 
phenomena. 

Goldschmidt showed that if the radii of the similar atoms in 
the two compounds differ from each other by less than approxi- 
mately 15 per cent of the radius of the smaller atom, and if their 
polarizability is about the same, they may form wide substitu- 
tional solid solutions at room temperatures. Other factors being 
equal, the closer the radii the greater the isomorphism. If the 
radii are near the limit of tolerance of the structure, only a small 
amount of isomorphism or none will take place. For example, 
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fayalite, Fe 2 Si0 4 , and forsterite, Mg 2 Si 04 , form a complete series 
of mixed crystals because they have similar structures and the 
radii of Mg and Fe 2+ are similar (0.78 and 0.83 A., respectively). 
On the other hand, forsterite and monticellite, OaMgSiO.t, form 
only a limited series because Ca (l.ObA.) is much larger than Mg. 
Ca 2 Si0 4 has a different structure from forsterite owing to the 
different sizes of the Ca and Mg atoms. Brown and West 
showed that the symmetry of the forsterite structure could bo 
retained if Ca replaces no more than one-half of the Mg atoms. 
A greater amount of substitution is not possible because the 
forsterite structure would be destroyed. In fact, no crystals of 
this series have been found with Ca:Mg > 1:1. 

It does not matter if the atoms that substitute for one anolhoi 
have a different valence as long as the radius is in the favorable 
range and the polarizability is similar. Thus Na" 1 ' (0.08 A.) can 
replace Ca 2+ (1.06A.), but Na + and K + (1.33 A.), which arc more 
closely related chemically, do not ordinarily form isomorphous 
series owing to their great difference in ionic radii. However, 
the net valence of the crystal must remain balanced; therefore 
the unbalance in valence caused by the substitution of a, divalent 
cation for a univalent cation must be compensated bv a con- 
comitant substitution of, say, a divalent cation for a tri valent 
cation or by the addition of a univalent anion. This geometrical 
limitation explains why certain compounds can form more or less 
complete solid solutions whereas some pairs of close chemical 
similarity form only narrow or no solid solutions. 

At higher temperatures, a greater difference may be tolerated 
by the structure owing to the expansion of the lattice l»v the 
thermal energy. For example, Cr 2 0 3 and Al 2 (.) 3 form a complete 
series of mixed crystals at high temperatures . ( 3 m At low 
temperatures, however, two partial series of mixed crystals are 
formed. One series, rich in Cr 2 0 3 , is colored green, and the other, 
rich in A1 2 0 3 , is colored red.< 18 » 46) Similarly, although NaCl and 
KC1 form a complete series of mixed crystals at high temperatures, 
they are immiscible at room temperature. A further example is 
found in the feldspars. At high temperatures, the potash and the 
plagioclase feldspars are miscible; but at room temperatures, they 
are immiscible. The potassium often reported in small amounts 
in the plagioclases is probably due to small amounts of impurities 
(such as potash feldspar or mica). When a mixed crystal of a 
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miscible series cools and is unable to retain those atoms whose 
radii exceed the tolerance limit at lower temperatures, exsolution 
or polymorphism may take place. 

In order that. two. compounds may form a complete series of 
substitution til solid solutions with each other, their chemical 
formulas must be analogous and they must have similar crystal 
structure's in addition to the geometrical requirements imposed by 
the radii of the atoms. For ex, ample, only about 18 per cent iron 
can replace' zinc in sphalerite, ZnS, and there is no complete 
series between sphalerite and troilito, FeS, owing to the fact that 
they have totally different crystal structures although ferrous 
iron and zinc have the same radii. Moreover, some structures 
are more amenable to substitution than others. Thus the spinels 
form many isomorphous series, but the quartz structure has little 
tolerance and almost invariably occurs as pure SiOo. 

If the atoms are very small, they may lit. into the interstices 
of even close-packed structures and form solid solutions without 
the necessity of substitution. Hydrogen, carbon, boron, and 
nitrogen, all tiny atoms, often enter into / ntcrstilial solid solution. 
Both substitutional ami interstitial solid solutions may exist in 
the same crystal, as in manganese steel, in which manganese 
atoms subst it ut e for iron ami the 4 carbon atoms are interstitial. 
If the compound has an open-packed structure, or large openings, 
interstitial solid solution may take place with large atoms. The 
alkali atoms in glass, for example, occupy the open parts of the 
silica framework. This mechanism is also important in base 
exchange ami polymorphism. 

In solid solutions with tlcfcct lattices , some of the atoms are 
missing, leaving vacancies in the structure. A good example is 
pyrrhot.it e, which has more sulfur than is indicated by the simple 
formula FoK. Sulfur is too large 4 to bo interstitial in the pyrrho- 
tite structure, and the variation may be due to the fact that 
sulfur replaces some of tin* iron atoms or that the sulfur remains 
constant and some of the iron atoms art 4 missing. 1 1 agg and 
Sucksdorff (4y ‘ showed by unit-cell and density measurements that 
the latter is the ease. Crystals with defect lattices have interest- 
ing electrical properties which arc 4 important in certain specialized 
fields of ceramics. 

If the cations of one compound occupy the positions of the 
anions in the other compound, as in AX* and A*X, they will not 
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form solid solutions oven though they have similar structures 
and other factors are favorable. Such a pair of compounds is 
antiisomorphous. 

If two compounds enter into solid solution with each other, 
their properties (specific gravity, refractive index, conductivity, 
lattice parameter, etc.) are related serially to the chemical 
composition. The relationships are not so apparent in inter- 
stitial and omission solid solution as in substitutional solid 
solution. The dependence of properties on chemical composition 

AXAXAXAX 
XAXAXAXA 
AXAXAXAX 
XAXAXAXA 
AXAXAXAX 
XAXAXAXA 


B X B X B X B X 
X B X B X B X B 
B X B X B X B X 
X B X B X B X B 
B X B X B X B X 
X B X B X B X B 


AX 

Compound 

(a) 

AXAXBXAX 

XBXAXBXB 

BXAXAXAX 

XAXBXAXB 

BXAXAXBX 

XBXBXBXA 


BX 

Compound 

(b) 

A X B X A X B X 
X B X A X B X A 
A X B X A X B X 
X B X A X B X A 
A X B X A X B X 
X B X A X B X A 


(AB)X ABX 

Solid solution Superstructure 

( c ) (d) 

Fig. 15. — Structure of hypothetical compounds. («) A A' compound; (/>) 
BX compound with same structure as AX; (c) solid solution of 50 per cent A X 
and 50 per cent BX forming (ALB) AT; X retains same positions as in (a) and (/>) 
but A and B have random arrangement; (d) superstructure ABX; .4 and B 
atoms occupy special positions increasing the identity period (indicated by 
arrows) . 


is due to the fact that the atoms playing the same role in each 
of the compounds occupy similar positions in the solid-solution 
structure and that hence the crystal structure of any inter- 
mediate member is similar to that of the end members. The 
atoms that substitute for one another are randomly arranged in 
"kk® positions that they may occupy in the solid-solution structure 
(this is called a “ disordered structure"’), for otherwise a super- 
structure (called an “ordered structure/" see page 69) would form. 
This is shown diagrammatically in Fig. 15 for two hypothetical 



SOME FUXDAM EXTAL COXCEPTS OF MATTER 03 

compounds forming a complete series. The structure of com- 
pound AX is shown to be the same as that of BX, and the A 
and B atoms ami the A" atoms occupy similar positions in each 
compound. This structural arrangement, is retained in any 
intermediate member, as shown in Fig. 15c for a member consist- 
ing of 50 atomic per cent of each of the end members (A 0 . fl , 
Bo.s)X. Again the X atoms occupy the same positions as in the 
end members, but the .1 and B atoms are randomly arranged in 
the special positions that, they occupied in the end members. 
An indefinite number of other cations, C r , D, etc., and anions, 
Y, Z, etc., could replace .1 and B or X provided they had favor- 
able sizes and the cation-anion ratio was not changed. 



Fig. 10.- — Spocilir gravity a.s a function of compomt ion in various types of solid 
solutions. Qllypot hoticul.) 

The repeat period, as determined by X-ray diffraction analysis, 
is an average over many millions of unit cells, and the parameters 
of any intermediate member, Ul x ,Bi-. x ) X, are between, those of 
AX and BX. Y'egard showed that the unit-cell size of any inter- 
mediate member of a primary solid-solution series is related to 
the size of the unit cell of the end members by a straight line. 
Precision measurements show that the relationship departs 
from linearity; more often a contraction and sometimes an 
expansion are noted. Figure 10 (assume that lattice parameter 
instead of specific gravity is plotted against composition) gives 
the linear relationship for a pair of hypothetical compounds AX 
and BX that form a complete solid-solution series. If A is 
smaller than B, any intermediate member will have a greater 
lattice parameter than A ; if A is greater than B, any intermediate 
member will have a smaller lat tice parameter than A . This 



64 


REFRACTORIES 


important rule, which was first developed with ionic salts and 
later extended to metals, has been used recently in metallurgical 
work to study phase-rule diagrams. Although it is very helpful 
in studying simple systems, it may not be of great use in complex 
compounds. For example, if a number of atoms, some of which 
are larger and some smaller than the atoms that they are replac- 
ing, are entering in substitutional solid solution, it is entirely 
conceivable that no significant change in the lattice parameter 
may be apparent, since the average size of the replacing atoms 
may be about the same as the atom or atoms that they are 
replacing. Of course, if the two atoms are of the same size, there 
will be no change in lattice parameter. In the cases of interstitial 
and defect solid solutions, the lattice parameter changes will not 
be so great as in the case of substitutional solid solution. 

In favorable cases, careful specific-gravity measurements may 
be used to supplement X-ray data in distinguishing among the 
various types of solid solutions. Figure 16 shows specific gravity 
as a function of the composition in two hypothetical compounds 
Agl and BX forming a complete series. In the case of substi- 
tutional solid solution, if the A atoms are heavier than B atoms, 
the other members will have a lower specific gravity; if the A 
| atoms are lighter than B, the other members of the scries will 
Ihave a greater specific gravity. ' In interstitial solid solution, 
the line will be much steeper because atoms arc being added and 
none removed. In defect solid solution, since atoms are omitted, 
intermediate members will have a lower specific gravity. 

The correct formula showing the isomorphism can be obtained 
directly from the chemical analysis if the structure of the com- 
pound or similar compounds is known. At least some knowledge 
of the structure is necessary in order to know which atoms are 
equivalent. Magnesio chromite, a mineral of the spinel group, 
may serve as an example. The formula is determined from the 
atomic contents of the unit cell as indicated at the end of the 
analysis shown in the table on page 65. 

Spinel has a close-packed structure (Fig. 176); and, with the 
possible exception of silicon, none of the atoms present are small 
enough to form interstitial solid solution. In order to ‘simplify 
the discussion, we shall not consider the possibility of defect 
solid solution or variate atomic cquipoints (42} and shall confine 
our attention to substitutional solid solution. The radii of 
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silica lime, and water are not in the correct range to substitute 
for the other atoms; and, from a knowledge of the associated 
minerals, they are probably present as an admixed impurity, 
most likely serpentine. Although titania has the correct radius 
to substitute for other elements, studies of other spinels show 
that it. probably does not and hour* the ehomieal analysis has 
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I. Chemical uuuIvm-.. weight |n<i cent; :ihu1.\mn 1 ».v I)r. R. B. KllcHtud g iven l>y A. L. 
Parsons, Magncsiuehromite from < 'anlurn Bit t 'uln aine Township, Quebec: ihiiv. Toronto 
Studies, Geo!, *SV#\, No. 12, pj >■ To 7N, 1 TP.). 

II. Column I recalculated P 10O pi out aft it deducting SiOa, TiOa, CaO, MaO. 

III. Molecular weight. 

IV. Molecular quot ieut II III. 

V. Atomic quotient of e.nliuu IV number of rations. 

VI. Atomic qunt irut of o\,\ isrn IV X number of oxygen atoms. 

VII. Atomic contents of unit cell atomic quotient X molecular weight M of unit cell 

ZM ™ (GV X 10 B 1 1.002 x Ht ”B; % Vt the number of formula weights in a unit cell; it 
is an integer ami is eight in spinel; I .002 X 10 ’■'* is the absolute weight, of the hydrogen 
atom; G is measured specific gtavit> ; V is volume of unit cell ; ZM *« 1,521 taking G as 4.5; 
and Vis 502 from the measured K.2I7. 

been recalculated to 100 per cent (column II) alt.<u* subtracting 
these elements. Of the minim mg atoms, the ionic radius of the 
smallest is aluminum (0.57.1.) and a 15 per cent tolerance would 
bring this value up to <).(>(>. The only atoms with radii in the 
favorable range to substitute for aluminum are Or 34 ” (0.64A.) 
and Fe :H * (0.07 A,). According to evidence obtained from X-ray 
studies, these substitutions do take place even though Fc 8+ 
slightly exceeds the favorable range. Another series of atoms, 
Mg (0.78 A.), Ke~ { (0.88 A.), Mn (04)1 A.), and Ni (0.78A.), have 
radii favorable for isomorphism, and any one can take the place 




Fig. 17; — (a) Hematite, Fe 2 0 3 ; small black spheres represent iron atoms and 
large white spheres oxygen atoms, a-corunduin, has same structure. (6) 
Spinel, MgAlaO-j; smallest spheres represent aluminum, larger dark spheres are 
magnesium, and large white spheres are oxygen. (c) Muscovite; perpendicular 
to c-axis, showing double disilicate sheet in middle and large potassium atoms 
(only partially visible) holding one double sheet to next. Perfect cleavage is 
parallel to double sheets. ( d ) Sanidine; large dark spheres are potassium in close- 
packed silica framework, white spheres are oxygen. Silicon nestles in tetrahe- 
dron of four oxygen atoms and is not visible. 


that substitute for one another is shown in the brackets; the 
chemical formula may now be written 


(Mg 7 Fe 2 +Mn 7 Ni) (Cr 7 Al 7 Fe 3+ ) a 0 4 


and there are eight formula weights per unit cell. The reasons 
why the sums are not integral numbers (e.< 7 . 7 8.10 instead of 8.00 
for the divalent cations) may be the result of errors in the ehem- 
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icul analysis, in specific gravity, or in t Ho measurement of ilie 
unit cell. 

Much of the literature of ceramics and mineralogy gives the 
formulas of minerals in the molecular form, f.c., in terms of the 
number of molecules of the constituent oxides. This can he 
illustrated by the well-known example of the plagioclase feld- 
spars. The molecular formula, of albite is Na a O * AM ).v0SiO 2 , 
and of anorthite, C ki< >*AbA hr2Si< )«. However, there' is no sound 
physical basis for writing the formulas in this manner. It is 
preferable to write NaAlSi s < > H and ( kiAl a Si a < >«, respectively, for 
there are no molecules of Oa(>, Aid )», or any other oxide in the 
plagioclases. Although the great majority of organic crystals 
are made up of molecules, the* crystal structure of most minerals 
is definitely not molecular. The* nonexistence of molecules in 
minerals is vividly shown by the crystal-structure models in this 
chapter. 

The model of the crystal structure' of sanidino (Fig. 17d) is 
similar to that of the plagioclase' feldspars. The large, dark 
spheres represent potassium atoms, which are* replaced by calcium 
and sodium atoms in tlu* plagioclases. The smaller white 
spheres art* oxygens, and silicon and aluminum are* not apparent 
in this picture' because they nestle* in a tetrahedron of four oxy- 
gens. The structure is a thrce'-dimcnsiunul silica, framework in 
which each oxygen is shared by two adjacent tetrahedrons with 
aluminum proxying for silicon in Mu* tetrahedrons and the alkali 
atoms occupying the* large* open spaces in this network. An 
alkali atom is not associated with a special oxygen atom, nor 
are the aluminum or silicon atoms bonded to particular oxygens. 
Instead, each calcium is surrounded by six oxygens; each alumi- 
num and each silicon is surrounded by four oxygens; and this 
network is continuous in all three* dimensions. 

The halite structure* is another illustration showing the absence 
of molecules in minerals. In this east*, each ion is surrounded by 
six others of the opposite sign and the alternation of Nn + and CT~ 
ions continues throughout the* crystal (Fig. 13c). Therefore, 
since no sodium ion belongs to any particular chlorine ion (and 
vice versa), we cannot speak of NaOl molecules in the solid state. 
We can now set* that the molecular formulas do not give a picture 
of the structure, of the crystal. Atomic formulas give a clearer 
picture and are particularly helpful in discussing such phenomena 
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as isomorphism and the relation of physical properties to chemical 
composition. 

The formula of albite should be written NaAlB,i;?( )«, and of 
anorthite, CaAl 2 Si 2 08- The general formula of any plagioclasc 
is then 

(Na 0 ~>ij Cax^ 0 )(Alw a , Sia-0 4 O 8 

It was pointed out above that atoms could substitute for one 
another in solid solution provided their radii were not very 
different. In this series, Ca 2+ and Na + can proxy for each other, 
and so can Al 3+ and Si 4+ , since the radii of each pair are in the 
range favorable for substitution. For each Ca 2-4 " ion introduced 
in place of Na + , an extra positive charge is introduced. This is 
compensated by a similar substitution of Al 3H ~ for Bi. 4+ in an 
oxygen tetrahedron, and the double substitution 

Ca 24 ~ + AP+ = Na+ + Si 4+ 

, causes no net change in valence charges. 

The general formula of the plagioclases can now be written in 
§he more useful form 

(Na*, Csn- x )(Si x , Al^AlSisOs 

where £ represents the composition of any member of the series; 
i.e.y x = 1 for albite; x = 0 for anorthite. Thus the formula of 
an intermediate member of equal proportions of the end mem- 
ber is 


(Nao.s, Cao.5) (Sio.s, Alo.fi) AlSijjOs 

and a member consisting of 75 atomic per cent of thb anorthito- 
rich member 


(Na 0 .25, Ca 0 .75) (Sio.25, Alo.75) AlBiuOn 

Berman further points out the dangers in the. practice, of writing 
the formulas of mixed crystals as if they consisted of two com- 
ponents. According to this practice, a mixed crystal of the 
forsterite-monticellite series would be represented by m per cent 
Mg 2 Si0 4 + n per cent Ca 2 Si0 4 . Crystal-structure studies show 
that neither of these molecules is found in the structure. CatiSiO* 
is not even a member of the series. Instead the formula should 
be written (Mg, Ca) 2 Si0 4 with the Mg:Ca ratio shown. “The 
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mistake of using probable components to express intermediate 
composition has led to the common practice of proposing so-called 
‘end-members’ which have often no existence and thereby confuse 
the study of the constitution of the sili<*ifoH .”<«’ p -** 01 The ratio 
Mg:Ca ? which need not be an integral number, fully expresses 
the position of the solid-solut ion member in the series. 

If the atoms of a completely miscible pair of compounds, AX, 
BX, assume special positions forming, say, vortical rows of AX' v 
XB, BX, AM, AX t . , . , a superstructure is formed. As a 
result of this special arrangement, shown in Fig. 15<7, the identity 
period is increased and symmetry lowered. Such an atomic, 
arrangement has a lower energy and hence greater stability than 
the disordered solid-solution arrangement, and also its properties 
arc different . They are ofttrn found in alloys and sulfides. The 
tendency for the formation of superstructures may be increased 
by slow cooling and annealing so that the equivalent, atoms can 
move to tin* special positions. There seems to bo some 1 question 
as to whether they should he reg^ded as distinct compounds or 
special forms of solid solutions. Other factors being equal, there 
is more chance for superstructures to form if the diameters of the 
equivalent atoms are neither too similar nor too unequal. In 
other words, if the size factor is too favorable, the atoms may 
interchange so freely that the random solid solution is almost as 
stable as the superstructure; and, if the atoms differ too greatly, 
there may be more of a tendency to form regular compounds. 
For a further discussion, see the interesting work of Hume- 
Rothery t77,p * 77 ’ which also includes a number of important 
references. 

Polymorphism . — The term, “polymorphism” refers to the 
existence of a single chemical substance in more than one solid 
crystalline form. In the well-known ease of iron, the cs-form 
is body-centered cubic and is stable up to 909°O. It inverts to 
the face-centered cubic 7 -form when this temperature is exceeded 
and the latter inverts to the 5-form (body-centered cubic) at 
1403°C. which is stable to the melting point. When the tempera- 
ture is reduced, the high-temperature forms revert to the forms 
stable over the lower temperature ranges. Mach form may have 
its distinct sot of physical properties. The classic example of the 
transition of white tin (tetragonal) to gray powder (cubic, 
diamond-type structure) at 18°C., often called the “tin. pest ,’ 7 
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is an extreme case. There are many well-known cases' of 
polymorphism such as SiOs, ZrCh, CaCCh, ZnS, and S, and it is 
probable that many more substances have polymorphic modifica- 
tions than is suspected at present. A knowledge of the causes 
and mechanisms operative in the formation of polymorphous 
forms is most important in the study of matter in the solid state, 
and an excellent critical review of the literature has been pub- 
lished by Buerger and Bloom. (85) 

If two phases have closely similar structures, as shown in 
Figs. 18a and 186, so that only a slight reorientation of the atoms 





(«) (&) - (c) 

Fiu. 18 . — Hypothetical two-dimensional lattice, a — * b , or b — > a, prompt 
aversion; a — > c, b —*■ c, > b or c - ' a, sluggish inversion. (W. A. Weyl, 
Svll. Am. Ceram. Soc .) 

and bonding angles in one phase will produce the other phase, 
the inversion will be rapid and probably reversible. On the 
other hand, if the two phases have considerably different struc- 
tures (compare Figs. 18c with 18a or 186), the conversion of one 
form to the other will be sluggish and probably irreversible 
because the phase change necessitates a drastic rearrangement of 
the atoms and the breaking of many bonds. This is also shown 
by the crystal-structure models of silica minerals (Fig. 19). 
The atomic arrangements of the high- and low-temperature forms 
of quartz or cristobalite are similar, but the cristobalite, tridy- , 
mite, and quartz structures differ considerably from one another. ; 
The high-temperature forms of silica are open packed with large ; 
holes, whereas both high and low quartz are close packed. The 
coordination number of silicon in all cases is 4; i.e., the silica 
tetrahedrons are present in all the forms of silica, and each \ 
tetrahedron shares all four oxygen atoms with neighboring * 
tetrahedrons, but the bond angles between the tetrahedrons in the [; 
different structures are different. Hence the high-low or low- 1 
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Formula 


Radius, A 2+- 


Mineral 


Structure type 


MgCOa 

FeCOs 

ZnC0 3 

M11CO3 

CaC0 3 

GaCOa 

SrCOs 

BaCO;t 

PbCO« 


0.78 
0.83 
0 . 83 
0.91 
1 . 06 
1 . 06 
1.27 
1.43 
1.32 


Magnesite 

Siderite 

Smithsonite 

Rhodochrosite 

Calcite 

Aragonite 

Strontianite 

Witherite 

Cerussite 


Calcite 

Calcite 

Calcite 

Calcite 

Calcite 

Aragonite 

Aragonite 

Aragonite 

Aragonite 


high transformations of each mineral are rapid and reversible, 
but the transformation from quartz to tridymite, for example, is 
sluggish and irreversible owing to the fact that their structures 


Fig. 19. — Models showing atomic arrangements in polymorphic modifications 
of SiOa. (a) High-oristobalite; (b) low-orisfo halite; ( c ) high-tridymite; ( d ) 
higli-quartz; (0) low-quartz. Models not in parallel crystallographic orientation ; 
silicon, atoms nestle in oxygen tetrahedrons and are not visible; liigh-temperature 
forms are more open-packed than low-temperature forms. 

are so different. This matter is discussed further in the section 
on silicates. 

Table 9. — Change of Structure Type with Increasing Ionic Radius 
in the Carbonates 


Goldschmidt approached the problem of polymorphism from 
the geometrical viewpoint of coordination number and ionic size. 
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doubled, owing, presumably, to the alternation of silicon an( 
aluminum atoms in the oxygen tetrahedra (A10 4 and SiO 
tetrahedra). Furthermore, the nepheline-carnegieite transfoi 
mation corresponds to the tridymite-cristobalite transformatior 
Both carnegieite and nepheline can be considered to be impur 
cristobalite and tridymite structures, respectively, because th 
atomic arrangements are the same except that sodium an 
aluminum atoms are introduced. Al 3+ substitutes for Si 4+ in 
the oxygen tetrahedra, and half the voids in the silica framework 
are filled with Na + so that the double substitution, 

Na+ + Al 3+ = Si 4+ , 

leaves the valence unchanged. Thus, we can think of carnegieite 
and nepheline as being high- temperature silica framework 
structures with interstitial and substitutional solid solution. 

The low-temperature form of silica, quartz, is closely packed 
and provides no large interstices for alkali ions to compensate foi 
the aluminum-silicon substitutions. Hence, it almost always 
occurs as pure SiO 2 , and .impurities found in analyses are due t< 
admixture rather than solid solution. If the melt from whicl 
Si0 2 crystallizes is impure, it follows that quartz will not form 
and, instead, one of the high-temperature modifications, tridy- 
mite or cristobalite, will result. Only a few chemical analyses 
are available, but they indicate that both tridymite and cristo-. 
balite are impure forms of Si0 2 . Hence, the inversion of tridy- 
mite or cristobalite to quartz may be prevented by impurities 
as well as their differences in structure and bond angles. The 
inversion cannot be effected until the impurities are removed. 
Many examples could be cited as evidence of this picture of the 
problem. For example, Peyronel (78 > made cristobalite by heating 
a silica gel with a melt of NaP0 3 at temperatures below 750°C. 
Cristobalite has been found in opal/ 45) which is formed in 
nature at low temperatures ; The decomposition of sillimanite, 
AlaSiOg, into mullite, Al ti Si 2 0i3, and cristobalite, Si0 2 , rather 
than into quartz is to be expected because of the presence oi 
aluminum atoms. Taylor and Lin*- 1245 found that the inversior 
temperature of quartz to cristobalite or tridymite varied witl 
the type of compound used to promote the reaction because th* 
different catalysts are taken into solid solution to a greater 0 
lesser degree. The low-high cristobalite inversion varied fron 



SOME FUNDAMENTAL CONCEPTS OF MATTER 


75 


220 to 253°C. depending on the type of catalyst. It is now 
apparent that the so-called “anomalous” existence of phases 
far below their range ■ of thermodynamic stability is not at all 
anomalous, since the structure of the precipitated phase bears 
no necessary relation to thermodynamic stability. Crystal 
structure and precise chemical composition must be considered. 

Hardness. — In general, the hardness decreases with increasing 
distance between the atoms if the charge of the ions is constant. 
The higher the charge the greater is the hardness. This is shown 
by the data for some simple compounds in Table 10. The 
distance between the centers of cation and anion, AX, is given in 
angstroms, and the hardness is the relative scratch hardness 
(Mohs' scale). The decrease in hardness with increasing inter- 
atomic distance takes place if the latter is caused by an increase 
in the cation size, BeO-BaO, or anion size, CaO-CaTe. Note 
that BeO has a hardness of 9, and it is interesting that Eisen- 
loffel (126) found beryllium glasses to have an unusual hardness. 
The last group of compounds, NaF-TiC, shows an increase of 
hardness with increasing charge of the ions. The greater the 
charge the more tightly bound are the ions, and hence these 
compounds have a greater hardness. The interatomic distance 
and charge should not be considered as playing separate roles, 
since the latter is at least partially responsible in determining the 
value of the former. 

The hardness may vary with crystallographic direction due to 
crystal structure, although this variation is smaller than that 
caused by the factors mentioned above. One of the most 
extraordinary examples of the variation of hardness with crystal- 
lographic direction is kyanite, AUSiOs. Parallel to the c-axis, 
the hardness is 4)^; and perpendicular to c, it is 7. Such large 
variations are rare. 

Compounds with layer structures are usually softer than 
related compounds not having a layer structure ( e.g ., graphite 
and diamond). The following have also been noted (44 ' p * 215) : (1) 
Compounds of heavy metals (silver, copper, mercury, lead) are 
usually less than 3; (2) sulfides, arsenides, and oxides of iron, 
nickel, and cobalt are relatively hard (pyrite = 6, hematite = 6) : 
(3) sulfides, carbonates, and phosphates are relatively soft, 
except as noted in (2) ; (4) hydrous compounds are usually 
softer than equivalent anhydrous compounds (zeolites are soft, 
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and feldspars are relatively hard; gypsum = 1.5 — 2, anhy- 
drite — 3 — 3.5); (5) conspicuously hard minerals are chiefly 
oxides, carbides, and borides. 


Table 10. — Relationships among Interionic Distances, Hardness, and 
Melting Point 



BeO 

MgO 

CaO 

SrO 

| BaO 

AX 

1.65 

2.10 

2.40 

2.57 

| 2.77 


Hardness (Mohs) 

9.0 

6.5 

4.5 

3.5 

3.3 


Melting point, °C 

2510 

2800 

2570 

2430 

1923 



CaO 

CaS 

CaSe 

CaTe 


AX 

2.40 

2.84 

2.96 

3.17 



Hardness (Mohs) 

4.5 

4.0 

3.2 

2.9 




i NaF 

NaCl 

NaBr 

Nal 


AX 

2.31 

2.79 

2.94 

3.18 



Melting point, °C 

988 

801 

740 

660 



Thermal expansion, (a. 10°) .... 

39 

40 

43 

48 




NaF. 

CaF 2 

CaO 

! ThO* 

1 

ScN 

TiC 

AX 

2.31 

2.36 

2.40 

, 

2.42 

2.23 

2.23 

Valence ratio 

1:1 

2:1 

2:2 

4:2 

3:3 

4:4 

Hardness (Mohs) 

3.2 ’ 

4.0 

4.5 

6.5 

7.8 

8.9 

Melting point, °C 

992 

1330 

2570 

3030 


3140 


Cleavage . — Cleavage takes place along directions of minimum 
atomic bonding strength. Wooster (98:> has compiled some inter- 
esting empirical rules which are summarized below relating 
crystal structure and cleavage. If the spacings between a num- 
ber of atomic planes of a crystal are the same or nearly the same, 
all may be cleavage planes; but if there are relatively large 
differences in the interplanar spacing, cleavage will take place* 
parallel to the planes of greatest spacing. The exceptions to 
this rule are that cleavage never breaks up radicals in ionic 
crystals or molecular complexes in covalent crystals. In addi- 
tion, the cleavage is always between sheets or chains of atoms in 
structures where these motifs are well defined, since the bonding 
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within these groups of atoms is stronger than the forces holding 
one sheet or chain to the next. 

The cleavage of ionic crystals may be summarized as follows: 
(1) All cubic crystals of composition AX (alkali halides, galena, 
etc.) have cleavages parallel to {100}. (2) Cleavages may 

separate but never break up radicals; e.g., the cleavage planes in 
barite, BaS0 4 , pass between S0 4 radicals. Similarly, the cleav- 
age of crystals containing Si0 4 and C0 3 radicals, etc., leaves these 
groups intact. (3) In crystals without radicals, cleavage occurs 
between planes of anions; e.g., fluorite cleavage {111} takes place 
between planes of fluorine ions; planes of large cations may be 
exposed by the cleavage if planes of anions are not present. 

Covalent crystals also show definite types of cleavages: (1) 
The greatest spacing in diamond (Fig. 136) is {111}, coinciding 
with its perfect cleavage. {111} in sphalerite, ZnS, corresponds 
to planes with zinc atoms on one side and sulfur atoms on the 
other. However, the cleavage is {110}, which are planes with 
equal numbers of zinc and sulfur atoms on either side. (2) 
Cleavage may separate but not break up molecules. For exam- 
ple, stibnite is made up of (Sb 4 06)« molecules forming chains 
parallel to the c-axis. Although the covalent bonding within 
the molecules is strong, the lateral forces between the chains are 
weak and thus stibnite crystals have excellent cleavage parallel 
to the c-axis. 

A somewhat analogous type of cleavage takes place in silicates 
with chain structures. The ionic forces between the cations 
and the silica framework are not so strong as the covalent bonding 
within the framework. Therefore, we should expect that the 
best cleavages are in directions that do not cut across the silica 
framework but instead pass through the relatively weak lateral 
bonds. In the case of asbestos, a double-chain amphibole, the 
mineral can be readily split into flexible fibers parallel to the 
silica chains by an applied force so small that it leaves the chains 
intact. On this basis, Warren showed the reason for the differ- 
ence in cleavage angle of the pyroxenes and amphiboles, which 
is such an important diagnostic feature of these minerals. C30) 
In both cases, cleavage is parallel to the silica chains and takes 
place between* the calcium-oxygen or magnesium-oxygen bonds 
which hold the chains together. An end view of the chains, 
indicated by blocks in Fig. 21, shows that the double chains of 
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the amphiboles are longer in the b direction than the single chains 
of the pyroxenes; consequently, the intersections of traces of 
cleavages in the latter form almost square blocks (93 deg.) ; 
whereas the angle between the cleavage planes of the amphiboles 
is more acute (56 deg.). 



!Ficn 21. — Dependence of cleavage angle on silica chains in pyroxenes and 
amphiboles. ( From TV. L. Bragg, “ Atomic Structure of Minerals"; Cornell 
University Press.) 

In layer structures, without exception, the cleavage takes 
place parallel to the layers because the bonding within the sheet is 
stronger than the forces holding the sheets together. In graphite 
(Fig. 13a), the. forces within each sheet are homopolar but only 
weak van der Waals’ forces hold one sheet to the next. Conse- 
quently, the mineral has excellent basal cleavage; and in addi- 
tion, since one sheet can readily slide over its neighbor, graphite 
is a good lubricant. Molybdenite has a similar cleavage. The 
silicates with sheet structures exhibit a somewhat similar type 
of cleavage. Muscovite is made up of double silica sheets 
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(Fig- 17c). The homopolar silicon-oxygen bonding within each 
single sheet is very strong; and as two single sheets are bound 
together by strong aluminum-oxygen bonds, each d6uble sheet 
acts as a unit. The double sheets are bound to each other by 
large potassium atoms which are shared by twelve oxygens, six 
from each double sheet. The mica cleavage, which is the most 
perfect of all minerals, takes place between the relatively weak 
potassium-oxygen bonds and forms thin elastic sheets. However, 
liKOpntrast to graphite, in which the sheets are bound only by 
veryweak van der Waals' forces, the double sheets of muscovite 
are held together comparatively firmly by the potassium-oxygen 
ionic bonds; therefore they cannot readily glide over one another. 
The silica sheets in kaolinite, talc, pyrophyllite, etc., are bonded 
only by weak van der Waals ? forces as in graphite; consequently, 
these minerals are very soft and plastic. 

Minerals with a three-dimensional silica framework, such as 
quartz, have no cleavage because the bonds are very strong 
in all directions. However, many minerals whose structures are 
based on this type of network, such as the feldspars and zeolites, 
have one or more good cleavages. Their structures are very 
complex and cannot be discussed here because a detailed struc- 
tural analysis is necessary for an adequate explanation. W. H. 
Taylor (51> has noted that the {001} and {010} cleavages of 
orthoclase are parallel to the silica network where it forms 
“ rings ” around the open spaces housing the large cations. 

The importance of a knowledge of the cleavage of minerals is 
closely related to the plasticity of fine particles with water. 
Platelike particles, such as kaolinite, have a high plasticity, as 
discussed in Chap. VII. 

Deformation of Solids.— When stress is applied to a solid, the 
first strain produced is elastic; and as soon as the force producing 
the strain is removed, the distortion that has taken place is also 
removed. If a greater force is applied, the elastic limit may be 
passed and either the solid will fracture without deformation 
(i.e., it is brittle) or it will deform plastically (• i.e it will not 
return to its original shape when the force is removed). Most 
substances are deformed by a combination of the two, and even 
most of the plastic substances may ultimately yield by fracture. 
The type of deformation that takes place depends on a number 
of variables: magnitude and direction of the applied force, rate of 
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Thermal Expansion . — It is not possible to predict the thermal 
expansion of compounds from our present knowledge. The 
coefficient of thermal expansion of the elements is roughly 
periodic, but there are so many irregularities that we must look 

Table 11. — Anisotropy of Thermal Conductivity in Relation 
8 to Crystal Structure 

(After W-ooster (s0) ) 
fcjL/^li 



Observed 

Calculated 

Calculated 

Group 1:* 




Rutile 

0.0 2 . 

O.S 3 


Corundum . 

O.S 5 

0.74 


Anhvdrite. . 

0.9 4 t 

0.97 



0 . 89 + 

1.00 


‘Zircon 

O .81 

O.S 4 


Group 2:§ 

k±/k\\ 

ici/h* 

kt/k* 

Graphite. . 

4.0 



Gypsum . . . 


O .64 

0 . 4 2 

Mica 


5.8 

6.3 

Group 3:ji ‘ 




Cinnabar. . 

0.7 2 



Anatase. . . 

O .80 



Quartz^’ . . . 

0 . 5s 



Stibnite . . . 


0 . 47 

0 . 2 9 

Tremolite . 


0.3 6 

0.5 7 


*= ratio of conductivities perpendicular and parallel to the optic axis; k* — . con- 
ductivity parallel to [010] in orthorhombic and monoclinic crystals; &i and k 3 = principal 
conductivities parallel to [100] and [001] in orthorhombic crystals, and they lie in plane of 
(010) in monoclinic crystals. 

* Bonds have approximately same strength throughout crystal, 
t ki/kt. 
t ki/kz. 

§ Crystals with layer structures. 

" Crystals with chain structures. 

Classification of cfhartz with chain-structure crystals is questionable. 

Additional data on crystals are given in Chap. XVII. 

for other factors besides atomic number for an explanation. In 
a study of nonmetallic crystals, Megaw (95) developed an empirical 
approximation that holds fairly well for many simple ionic 
crystals. She found that 


a. 


c 

¥ 
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where a = the coefficient of thermal expansion ( X 10 6 ) 
c = a constant 
q — the electrostatic share 

The latter is equal to the charge on an ion divided by its coor- 
dination number or number of surrounding ions of opposite 
sign and is obtained from a knowledge of the crystal structure 
of the compound. In other words, the expansion coefficient of a 
crystal is inversely proportional to the square of its electrostatic 
share. A number of ^-values of compounds are shown in 
' Table 71, Chap. XVI. 

Melting Point . — The melting point of a compound also affords 
a .rough measure of the strength of its interatomic bonding. 
The data of Table 10 show that the melting point, as in the case 
of hardness, decreases with increasing interatomic distance, 
NaF-Nal, and is higher for compounds with higher ionic charges, 
NaF-TiC. Still wcll C96) also notes the following: The melting 
point increases with decreasing anion size; varies irregularly 
with the size of the cation until corrected for the radius ratio 
effect; is lower for layer lattices than for ionic, crystals and lowest 
for molecular crystals; and decreases as the number of anions 
per cation increases. 

Related topics such as lattice energy and heat of formation 
are discussed by Stillwell cu6) and Seitz. <l21) A further discussion 
of this subject is given in Chap. XII. 

3. The Silicate Minerals. — Because, of the great importance 
of the silicates in the refractories industry, considerable space 
will he devoted to this particular group of minerals. Much 
of the early mineralogical work on the silicates is summarized by 
Doelter (9) and Clarke (s) and will not be reviewed here. Up 
to the past ten or fifteen year’s, the silicates were considered to be 
salts of various hypothetical silicic acids. Since these acids were 
not synthesized or identified in solutions of these minerals, they 
could not serve as a rational basis for an adequate general theory. 
The constitution and crystal chemistry of the silicates remained 
a perplexing problem, but many of its major aspects have been 
recently clarified by X-ray diffraction analysis initiated particu- 
larly by W, L. Bragg, Warren, and their co workers. Although 
the determination of the atomic arrangements of the silicates is 
extremely difficult and only about 15 per cent of the known 
silicates have been completely analyzed, we now have a general 
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classification and a clearer picture because most of the principal 
structural types are known. The chemical composition and 
many of the properties of silicates are now seen in relation to the 
atomic arrangements; consequently a fundamental and more 
rational interpretation is now possible. 

One of the most important contributions of crystal chemistry 
has been in the interpretation of isomorphism and the complex 
compositional variation in the silicates, and we shall see the 
importance of these concepts in the following pages. A com- 
plete and detailed structural classification is still not possible 
because of the comparatively small amount of structural data 
available. However, Berman, (81) Strunz, C91) Swartz, (92) and 
others have made excellent studies, based on the pioneering work 
of Machatschki f25) and W. L. Bragg. (31) The proposed classifica- 
tion by Berman is probably correct in its major aspects and 
includes a detailed discussion of the compositional variation and 
i the structural and physical relationships of the various species. 
|;The most detailed account of the structures of the silicates is 
given by W. L. Bragg, in “Atomic Structure of Minerals.” CS2) 

X-ray diffraction studies show that in silicates and silica, each 
silicon atom occurs in the center of a tetrahedron formed by four 
oxygen atoms. This Si0 4 tetrahedron (Fig. 23a) is the funda- 
mental unit and forms the important motif of the framework of 
the silicates. Tetrahedrons may be linked by sharing an oxygen 
atom, or they may exist as distinct units. The rule governing 
the linking of tetrahedrons is simple : They can share only corners 
but never edges or faces owing to the high repulsion between 
the tetra valent silicon atoms. The structural classification is 
based on the geometry of the linking of the tetrahedrons. For 
example, if no corners are shared, the tetrahedrons exist as 
separate units-, a formation that characterizes the orthosilicates. 
If one corner is shared, one oxygen atom is common to two tetra- 
hedrons and this characterizes the pyrosilicates ; if two corners 
of a tetrahedron are shared, two oxygen atoms are common to 
two tetrahedrons (metasilicates). In the disilicates, three 
corners are shared, and all four corners are shared in the silica- 
type minerals. The silicon-oxygen ratio of the chemical formula, 
discussed below, varies with the number of corners shared. 
Table 12 summarizes the pertinent data on the structural 
classification of the silicates. 
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One of the most important results of X-ray analysis of the 
silicates was the discovery that aluminum can play a dual role. 
The aluminum-oxygen radius ratio is 0.43, which is close to 
0 . 414 , the critical value for the transition from sixfold to fourfold 
coordination. Hence aluminum atoms may occur in either 
t) r P e °f coordination, and often both types occur in the same 



Fig. 23.— The fundamental silica motifs of the silicates. (a) Independent 
single tetrahedron (SiO-t, orthosilicates). ( b ) Independent pair of tetrahedrons 
sharing one oxygen atom (S12O7, pyrosili cates). (c) Continuous single-chain' 
linkage, each tetrahedron shares two oxygen atoms (SiOu, metasilioates, pyrox- 
enes). id) Continuous double-chain linkage, each tetrahedron shares alternately 
two and three oxygen atoms (Si-tOn, metasilicates, amphiboles). (e) Closed 
independent ring of three tetrahedrons each sharing two oxygon atoms (S^Og, 
nietasilicates, benitoite). (/) Closed independent- ring of six tetrahedrons each 
sharing two oxygen atoms (SioOis, motasilicat.es, beryl). ( 0 ) Closed inde- 
pendent ring of four tetrahedrons each sharing two oxygen atoms (Si-iOia, 
apophyllite) . ( h ) Continuous planar silica sheet each tetrahedron sharing three 

oxygen atoms (SUO10, disilieates, mica). 

mineral, e.g ., in the micas. When aluminum is in fourfold 
coordination, it takes the place of silicon to form A10 4 tetra- 
hedrons and an indefinite amount of substitution may occur. 
The substitution may be random, one group of oxygens appar- 
ently not being favored more than another. In these cases, an 
appropriate amount of aluminum is added to the silicon-oxygen 
ratio. When aluminum is in sixfold coordination, it plays the 
same role as other cations such as ferric iron and magnesium. 
One atom can substitute for another atom provided they are of 
approximately the same size, and often a number of atoms take 
part in the substitution as explained in the section on isomor- 
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phlsm. The valencies of individual ions need not be the same, 
but the aggregate valence must remain unchanged, because the 
total number of oxygen atoms remains fixed since they are the 
ions that determine the general nature of the network. Thus a 
substitution of Al 3+ for Si 4+ produces a net valency deficiency of 
— 1, which must be compensated by a corresponding substitution 


Table 12 


Type 

Silica motif 

Si : O 
ratio of 
smallest 
unit 

Valenc-e 

charge 

of 

silica 

unit 

Example 

Formula 

Orthosili rates 

Independent tetra- 
hedrons sharing no 
oxygens. Do not 
form glasses readily 

1 :4 

-4 

Forsterite 

Mg 2 SiO i 

Pyrosilicates 

Metasilicates: 

Independent pairs of 
tetrahedrons sharing 
one oxygen 

2:7 

— G 

Akermamte 

Ca2 MgSi-jOy 

Chains 

Continuous single 
chains of tetrahedrons 
sharing two oxygens 

1 :3 

“ 2 

Diopside 

(pyroxenes) 

C ' , ujMg(SiOah 
w 


Continuous double 
chains of tetrahedrons 
sharing alternately 
two and three oxygens 

4:11 

_o 

Treinolite 

(amphiboles) 

CaajMgfiSigOoo. 

(OH).. 

Rings 

Closed independent 
rings of tetrahedrons 

3:9 

— f> 

Benitoitc 

BaTiShO* 


each sharing two oxy- 
gens 

6: 18 

— 12 

Beryl 

AlaBe^SioOig 

Disilieates 

Continuous sheets of 
tetrahedrons each 
sharing three oxy- 
gens; forms planar 
hexagonal network 

4:10 

— ! 

Muscovite 

KAl*(8i,AJ) 
Oio(OH) a 

Silica 

Three-dimensional 1:2 
continuous network of 

1:2 

0 

Quartz 

SiOa 


tetrahedrons each 
sharing t^ll font* oxy- 
gens. Readily form 
glasses 

1:2 

0 

Orthoelase 

KAlSisOs 


of Ca 2+ for Xa + or Fe 34_ for Fe 2 ' f , etc. In addition to the cations, 
the anions (OH)" and F~ may statistically replace each other. 
These possible atomic substitutions give rise to a great amount 
of compositional variation; and in some cases ( e.g hornblende), j 
the chemical formula cannot be written with integral numbers i 
for the individual elements. In the formulas listed on the j 
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following pages, all atoms in the same bracket can substitute 
for one another even though they may have different valencies; 
the only condition that must be satisfied is that the positive and 
negative valencies throughout the formula are balanced. 

The net valence of the silica framework is negative; the metallic 
elements occupy interstitial positions and neutralize the negative 
•charge. These cations arc also surrounded by a characteristic 
number of oxygen atoms, although their coordination number 
ma y vary in different compounds. Thus, sodium and calcium 
are surrounded by six or eight oxygen atoms; titanium, by six; 
zirconium, by eight; ferrous iron, by four, six, or eight; etc. 

The bonding within the silica framework is much stronger than 
the bonding between the metal cations and the framework, and 
consequently the cleavage planes of the silicates are parallel to 
silica chains or sheets. The bonding within the SiC) 4 tetrahedron 
is somewhat intermediate between ionic and covalent and prob- 
ably closer to the latter. For a more extended discussion, see 
Slater (U1) who treats the bonding as covalent and Pauling <108) 
who treats it as ionic. The term “mesodesmic” has been applied 
by Evans clCKi) ' to this intermediate type of bonding. There is 
little doubt, however, that the bonding between the cations such 
as Mg 2+ , Fe 2+ , etc., and the silica framework is ionic. 

We will now take up the various types of silicates and see how 
the chemical composition and physical properties of the silicates 
are mainly dependent upon the silica framework which forms the 
largest bulk of the crystal. 

Orthosilicates . — The orthosilicates, which are of particular 
interest in refractories because of their high fusion point, are 
made up of isolated silica tetrahedrons bonded by the metallic 
atoms. Since no corners are shared with other tetrahedrons, the 
silicon-oxygen ratio is 1:4. The charge of a single tetrahedron 
is —4, (40 2 ~ + lSi 4+ = —4), which is balanced by the metallic 
elements. Thus the general formula of the orthosilicates is 
A 2 Si0 4 , in which A represents the cations such as Mg 2+ , Ca‘ 2+ , 
etc., that balance the negative charges of the silica framework. 
The orthosilicates form a chemically diverse group of minerals; 
spdium and potassium are scarce; and the rare earth and other 
rare elements are often present. Important orthosilicates include 
forsterite, Mg 2 Si() 4 ; olivine, (Mg,Fe) 2 Sit) 4 ; willemite, Zn 2 Si0 4 , 
Ca 2 Si0 4 ; zircon, ZrSi0 4 ; topaz, Al 2 Si0 4 (F,0H)2j and the 
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inasmuch as adjacent sheets are displaced, parallel to the base, the 
crystals have a symmetry lower than hexagonal and are often 
rnonoclinie. In their recent excellent study, Hendi teles and 
Jefferson 1 ' 104) showed that the stacking of the sheets may be 
irregular, and considerable crystallographic complications are 
introduced into this relatively simple presentation of the matter. 
The sheets form a dominant and practically invariable part of 
the structure ; and in almost all of these minerals, cl — 5.1 to 
5.3A. and b = 9.0 to 9.3A. Two sheets may be strongly bonded 
to each other and form a pair of sheets, which is a characteristic 
unit of the mica minerals, or the structure may consist of single 
sheets as in the kaolin minerals. The variations of the physical 
properties of the disilicates are due to the various ways in which 
the sheets are stacked on one another and especially to the 
strength of the bonding between them. Most of the disilicates 
have a medium hardness, but those containing a large amount of 
water are soft. 

Muscovite (Fig. 17c) is a type example of a paired-sheet 
disilicate. The double sheet consists of pairs of single sheets 
with their apexes pointing toward each other. The pairs are 
tightly bonded to each other by such atoms as aluminum, 
magnesium, or iron in sixfold coordination. The double sheets 
are bonded comparatively loosely to each other by alkali and 
alkaline earth atoms in the micas, by water layers in the vermicu- 
lites, or by magnesium-aluminum hydroxide layers in the chlo- 
rites, or there are no linking atoms between the sheets as in talc 
and pyrophyllite. The perfection of the cleavage, hardness, and 
the plasticity of these minerals is dependent upon the bonding 
strength between each of the double sheets that act as units. 

The composition of these minerals is quite complex. The gen- 
eral formula of the mica group is A 0 -i(^,C) 2 ~37)4Oi()(O,OH,F)2 
where A is predominantly K; B = Mg, Fe 2+ , Mn 2+ , Li; C is 
mainly A1 and Fe 3_1_ ; and D represents Si and A1 with the Si : A1 
varying from o :3 to 7 : 1. Some of the aluminum is in tetrahedral \ 
coordination, and the composition of the unit of each sheet is j 
AlSLOio- 

In talc, Mg 6 Si 8 0 2 o(OH) 4 , and pyrophyllite, Al 4 Si 8 02o(OH)g, j 
none of the aluminum is in tetrahedral coordination. Here eachj 
double sheet is neutral, and there are no atoms linking the double j 
sheets, which consequently are very soft and have an easy cleat- j 
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age. The general formula of the chlorite family is 

(Mg,Fe)n—i>(Al ? Fe 3+ )2 ? ,Si4_ J ,O 10 (OH) 2(^-2) sH 2 0 

where n = 6 or less 
p = 2 or less 

Chlorite flakes are not elastic, contain a comparatively small 
amount of alkalis, have a larger proportion of (OH) than mica, 
and are much softer than the micas. Two types of water givo 
rise to the characteristic dehydration curves of the chlorites. 
The loosely held H a O is driven off at low temperatures, but, since 
the (OH) is more firmly held in the structure, the mineral must 
be heated to a comparatively high temperature to drive it off. 

The clay minerals are discussed fully in Chap. Y, as they are 
very important to the ceramist. 

Silica-type Minerals . — In these minerals, all four oxygens of the 
tetrahedron are shared to form a continuous three-dimensional 
silica network (Fig. 19). Since each silicon atom is surrounded 
by four oxygens and each oxygen by two silicons, the composition 
is Si0 2 . Quartz (Figs. 19<7 and 19c), type member of this group, 
is discussed with the other silica minerals. It is close packed and 
has homopolar bonding in all directions which forms a very 
strong and rigid crystal somewhat like diamond but not so hard. 
It is logical to classify quartz and the other silica minerals with 
the silicates rather than with the oxides. The structure, occur- 
rence, and physical properties support this change in classification. 

Most of the minerals of this type have large openings in an 
otherwise closely packed silica framework. The alkali elements, 
calcium, and the more unusual components such as Cl, S, C0 3 , 
and SO 4 are housed in these openings. As a result of the large 
holes in the network, these minerals have a rather low mean 
refractive index and their density is often between 2 and 3. They 
have a tendency to form equidimensional crystals. Aluminum 
takes the place of silicon in some of the tetrahedrons, and the 
valence balance is retained by the entrance of alkali and alkaline 
earth elements into the structure. Examples of this group 
include orthoclase, IvAlSi 3 0 8 (see Fig. 17ri); albite, NaAlSi 3 0 8 ; 
labradorite, (Na,Ca)Al(Al,Si)Si 2 0 8 ; anorthite, CaAl 2 Si 2 0 8 ; the 
nepheline and the sodalite groups; and the zeolite family. 

Minerals with three-dimensional silica networks readily form 
glasses by the usual treatment because it is difficult for the 
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atoms to rearrange themselves into their former rigid framework I 
on cooling. The tendency to form glasses is greatest in the f 
silicates with a Si:0 ratio of 1:2, becomes progressively less as li- 
the ratio is increased, and is least in the orthosilicates. 

Subsilicates . — If the silicon-oxygen ratio falls below 1 : 4, some 
of the oxygens are not in tetrahedra and these minerals merge 
into nonsilicates where the silica tetrahedron is no longer the 
dominant motif. Berman calls these “ subsilicates and with 
the exception of dumortierite, AlB s Si 3 Oi 9 (OH), all are rare and 
not well understood. 

4k. Crystal Growth and Related Phenomena. — The growth of 
crystals occurs in the firing of all refractories ; and as the physical ; 

I properties of the finished product are often influenced by the i 
I number, size, and shape of these crystals, it will be seen how 
important is a knowledge of this subject. ; 

It is well known that growth from a melt or solution does not 
take place simultaneously in all parts of the container. The 
studies of DeCoppet, C4) Tamman, ci7) and Othmer (10) have shown 
that the development of spontaneous nuclei is purely a chance 
phenomenon and that the region of metastability is a function 
of the time that one is willing to wait for the formation of crystals 
as well as of the size of the sample used, the shape of the con- 
tainer, and other factors. Crystallization can also be initiated 
by a seed crystal from which growth then proceeds. For exam- 
ple, Norton found, in his study of crystalline glazes, that crystals 
could be produced at any desired location by seeding and that 
their size could be controlled by the growing time and their 
shape by the growing temperature. < 87 > Tamman< 17 > has treated 
this matter in detail and has shown that if the temperature of 
nuclei foimation and crystal growth coincided, spontaneous 
crystallization took place but that if they occurred at different 
temperatures, the number and size of crystals could be accurately 
controlled. Advantage is taken of this fact in making opal 
glasses. 

In crystals, each unit cell is surrounded by other unit cells of 
exactly the same atomic contents, and arrangements and hence 
the interior of the crystal must be electrically neutral. In solid 
solutions, the contents of one unit cell may differ from its neighbor 
but the average contents of the unit cells throughout the interior 
of the crystal are the same. In the case of zoned crystals, the 
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average contents of the unit cells are the same only within each 
zone . However, there is an open force field at the surface of the 
crystal. This surface force field varies with the atomic arrange- 
ments, interatomic distances and radius ratio, polarizability, and 
bonding between the atoms. The surface forces control many 
crystallographic phenomena such as crystal growth, adsorption, 
oriented overgrowths, and intergrowths. We shall now briefly 
discuss each of these phenomena in relation to the surface forces 
of the crystal. 

Crystal Growth . — It was once believed that the rate of growth of 
a crystal face was dependent upon the reticular density of that 
face. The planes of more closely packed atoms were believed 
to grow slower (and hence become the dominant faces of the 
crystal, as explained below) than planes in which the atomic pack- 
ing was less dense. If the growth rate was dependent entirely 
upon the reticular density, we should expect faces on the opposite 
ends of a polar axis to have the same growth rate, since their 
reticular densities are the same; however, they usually grow at 
different rates. Furthermore, the reticular densities of the same 
forms of adjacent members of an isomorphous series must be 
similar, and hence, according to this theory, one would expect 
the growth rate of that form to be about the same in all members 
of the series. This, too, is not supported by experimental 
evidence. It has been observed that certain forms may have 
large growth velocities in one member and slow growth velocities 
in the next member of the series. Crystal growth is a more com- 
plex phenomenon than the reticular density theory indicates; and 
although an all-inclusive quantitative picture has not yet been 
developed, we can present facts that are in closer agreement with 
observable phenomena. 

If a small cubical crystal of sodium chloride is placed in a 
supersaturated water solution of sodium chloride, the crystal 
will begin to grow. This means that at the surface of the crystal, 
there are unsaturated affinities capable of attracting additional 
ions and hence enabling continuation of crystal growth. In 
general, the growth velocity of the various crystallographic forms 
of the crystals is different. In other words, the growth velocity 
of a crystal is vectorial. 

If we place a sphere of sodium chloride instead of a cube in 
this supersaturated solution and permit growth for a compara- 
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tively short time, the sphere will develop a large variety of forms f 
with spherical areas in between. If the sphere is permitted to $ 
continue growth, a number of the forms originally observed will i 
become smaller or disappear and the remaining forms will have 
grown larger. The longer growth continues the greater is the 
tendency for the cube {100} to become the dominant form of the ; 
crystal because it has the slowest growth velocity. If we repre - 1 
sent this variation in growth velocity with crystallographic \ 



Fig. 24. — Growth-velocity vector diagram of NaCl. Vectors are smallest 
normal to slowest growing (most dominant faces) of the crystal. ( Hi fine 

direction by vectors drawn from the center of the crystal, the 
bounding surface formed by the vectors has sharp minima 
corresponding to the very slow-growing forms. This is shown in 
Fig. 24 for {100}, {110}, and {210} of sodium chloride. In this 
case, the growth velocities are {210} > {110} > {100}, so the 
dominant forms of the crystal are {100} > {110} > {210}. 

Figure 25, from Desch, further illustrates how the slow-growing 
forms become the dominant forms of the crystal. The shaded 
areas represent the original hypothetical crystal. Faces ab and 
de grow with the least velocity and become faces on the com- 
pleted crystal, cd has the maximum and be an intermediate 
growth velocity. Neither of these appears on the completed 
crystal, but mn, which was not present on the original crystal, 
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appears soon after growth begins and becomes larger. Face mn 
would finally give way to the more slowly growing forms ab and 
which is indicated by the slope of the edges between the 
neighboring faces. Hence the faster growing forms may appear 
on very small crystals; but, as the crystals increase in size, they 
are overgrown by the slower growing forms, the latter becoming 
the dominant forms of the larger crystals. 



Fig. 25. — Change in outline of crystal during growth due to different growth 
velocities of various faces. ( From C. H. Dench, “ Chemistry of Solids " ; Cornell 
University Press.) 

This variation in growth velocity is, of course, dependent upon 
the different atomic arrangements in the various directions. 
Figure 26 shows the structure of (100), (110), and (111) planes 
of sodium chloride. The octahedral direction is made up of 
planes of ions of the same sign, planes of chlorine ions alternating 
with planes of sodium ions. The cube is made up of a checker- 
board pattern of ions of the opposite sign. There is at least a 
50 per cent chance of an ion being attached to the (111) plane 
because the only requirement that must be fulfilled is that it be 
of the opposite sign. However, the chances of an ion adhering 
to the cube plane are considerably less because the ion must be 
of the right sign and it must also impinge at the correct place in 


96 REFRACTORIES 

order that it may be attracted. Hence the growth velocity of 
the cube is less than that of the octahedron, and the dominant 
habit of pure sodium chloride is cubical and not octahedral. 

Experimental evidence shows that under ideal conditions, all 
faces of a crystal having but a single form grow at the same rate 
regardless of the original sizes of the individual faces. If a 
crystal has a number of forms, like faces ( [i.e ., faces of the same 
form) grow at the same rate but unlike faces grow at a different 



Fig. 26. — Atomic arrangement of sodium chloride, a (100); b (110); c and d 
alternate planes (111). (j RinneM l)) ) 

rate. The rate of growth of parallel faces of a crystal without a 
center of symmetry may be different and faces adjacent to larger 
faster growing faces may be slowed up owing to the impoverish- 
ment of the solution in the neighborhood of the slower growing 
faces. 

Crystals can be grown by the condensation of vapor on solid 
surfaces. If the temperature of the surface is sufficiently low, 
an amorphous solid may be formed. There is a greater chance 
to form crystals if the temperature of the surface is raised, the 
optimum temperature being dependent on the nature of the sub- 
stance. It is also preferable to use a solid of the same material 
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or one having a similar crystal structure, since the impinging 
atoms will have a greater tendency to orient themselves. The 
growth of crystals in this manner is of considerable interest; 
but, since it does not have direct application in refractories, it 
will not be discussed further. 

Little is known of the crystallography of colloidal and micro- 
scopic crystals. In comparison with macroscopic crystals, the 
surface forces are tremendously greater owing to their larger 
specific surface and hence play a much more important role in 
determining the properties of such crystals. It is interesting to 
note that the habit of these small crystals is often considerably 
different from that of larger crystals of the same compound. 
These small crystals usually have a greater variety of faces than 
the larger crystals; but, if they were permitted to continue growth, 
their habit would eventually become the same as that of the larger 
crystals. The forms observed on crystals are not necessarily the 
equilibrium ones but are dependent in a complex way on the 
nature of the surface forces, impurities in the solution, and other 
factors. 

We can conclude from the preceding discussion that crystals 
grow by the accretion of matter on their outer surfaces in such a 
way that there is an exact dovetailing between the structure and 
magnitude of the surface force field of the crystal and the atoms 
or atomic groups being attached to it. Therefore, crystal growth 
may be described as the attachment of an atom or group of 
atoms to the growing crystal surface in a manner to make the free 
energy of the surface a minimum. The change of energies 
involved is complex, and the reader should consult Desch (57) 
and Kossel <24) for details. 

The successive addition of positive and negative ions to incomplete 
rows ... of ... a crystal ... is always accompanied by the same 
change of energy. ... It includes energy liberated by the attachment 
of the ion in a stable position in the lattice, less than needed to remove 
the ion from the attached solvent. Some degree of polarization of the 
ions may also occur. The energy of dehydration is about equal to that 
liberated by the attachment of an ion. . . . <57 > 1>p ' 36 - 37) 

The planes that have the greatest chance of becoming perma- 
nent faces of the crystal and are the most common are those nor- 
mal to the directions of least growth velocity. 
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Before leaving the problem of crystal growth, mention should 
be made of mineralizers. Granites and pegmatites crystallize at 
comparatively low temperatures (500 to 600°), but these are far 
above the critical temperature of water. Laboratory studies 
show that melts of granite composition are extremely viscous* 
therefore small crystals or glass would be expected to form. We 
know, of course, that these rocks are made up of large crystals 
(in contrast to a rhyolite). Many years ago, it was shown that 
small amounts of mineralizers, particularly water, were present 
in the magma. They promoted fluidity causing coarse-textured 
rocks with large crystals to be developed. The mineralizers may 



Fig. 27. — Two dimensional (idealized) lattice of perfect crystal a, actual crystal ft, 
lineages c. ( From AT. J. Buerger, Z. Krist.) 

or may not enter into the chemical composition of the minerals. 
\\ ater is the most important and abundant of the natural 
mineralizers, and H 2 S, HF, CO a , some titanium compounds, 
borates, phosphates, and others are knotm to be active as 
mineralizers. The early French chemical school used mineralizers 
as aids in the synthesis of silicates (see Fouque and Levy (1 > 
and Morozewicz (3) who used tungstates). 

Lineages . — A careful examination of crystals shows that they 
are rarely perfect. Even crystals of lithium fluoride grown in 
Stoekbargers' elaborate apparatus under the most carefully 
controlled conditions are not perfect, as can be readily verified 
by the roughness of a cleaved surface. An ideally perfect 
crystal would have a lattice whpse points all fell on straight 
continuous parallel lines, as shown in Fig. 27 a. Probably the 
only crystals that attain such ideal perfection are submieroscopic 
in size. In macroscopic crystals, the lattice is discontinuous and 
branched (Fig. 27b). M. J. Buerger has used the term “lineage” 
for each of the continuous branches of the lattice. Each major 
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lineage may be subdivided into sublineages which, in turn, may 
be split. Crystals consist of a host of such lineages, each one 
oriented slightly differently but almost parallel to its neighbor 
and all growing in a somewhat dendritic fashion from the original 
nucleus of the crystal. Figure 27 c shows a single hypothetical 
crystal composed of a number of lineages extending from the 
center of the crystal. These lineages do not, however, form a 



Pig. 28. — Cleavage surface of galena showing lineages, (7X). ( From M. J. 
Buerger, Z. Krist.) 


regular systematic secondary structure in crystals. (55) Each 
lineage has its own termination; and, in extreme cases, the surface 
of the crystal takes on a stepped or mosaic appearance. Figure 
28 shows the marked irregularity, due to lineage structure, of a 
cleavage surface of galena. 

Lineages form early and persist until the growth has been 
nearly completed. In general, they grow faster in a particular 
direction, and later sublineages appear. The nature of the 
lineages is apparently dependent upon the rate of cooling, type 
of compound, ^impurities, shape of the container, and other 
factors. The interstitial material crystallizes last in the voids 
between the lineages. Lineages of AI 2 O 3 grown from a melt are 
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shown in Fig. 29. Here each of the lineages is made up of parallel 
growths of crystals with faces that are already well developed. 
Similar phenomena take place in metals and in crystals grown 
from solution. Lineages and other imperfections are apparently 
a universal characteristic of most crystals, and u perfect” crystals 
are indeed rare. 



Fig. 29. — Al«Os dendrite grown from melt, showing lineages, (5 X ) . ( From 

Af. J . Buerger , Z . Krist .) 


The discontinuities between the lineages are often the locus of 
voids in the crystal and may contain gases or liquids character- 
istic of the mother liquid. The boundaries may also afford a 
better opportunity for replacement and exsolution phenomena 
than the lineage itself. These voids may lead to an incorrect 
determination of the density; consequently it is always necessary 
to break the material into small particles in order to obtain 
better values. Lineages may also introduce boundary effects 
into conductivity measurements, but this has not been investi- 
gated. Lineages are a cause of variation between computed and 
measured intensities of X-ray reflections and also cause the reflec- 
tions to be spread over a small area instead of farming a sharp 
spot. Smekal C50) has developed a comprehensive theory of the 
effect of flaws (“lockerstellen”) on the properties of crystals and 
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The presence of these flaws in real crystals makes it 
^tremely difficult to predict the strength, electrical conduc- 
tivity and other properties from calculations based on ideal 
crystals. The well-known case of sodium chloride having a con- 
siderably lower strength than that calculated on the basis of 
interionic forces in the lattice of an ideal crystal is a good 


example. (23) 

Crystal Habit Variation . — -The “habit 75 of a crystal is a broad 
term describing the relative sizes, shapes and number of faces, 
or the general shape and form of a crystal. The habit of crystals 



of the same compound grown under similar conditions from solu- 
tions. of the same purity is usually the same. Thus crystals from 
the same locality or prepared in the laboratory under the same 
conditions generally have the same habit. However, if the purity 
of the solution or conditions of growth are varied, the habit 
usually shows corresponding variations. It should be kept in 
mind in the following discussion that as a result of the regular 
atomic arrangements, Steno 7 s law is obeyed. We shall first 
take up briefly the habit of pure compounds and then discuss 
habit variation due to impurities in the crystallizing medium. 

We are familiar with the fact that similar faces of crystals 


rarely have the same size and shape. The shape and size of the 
container in which the crystals are grown, rate of -cooling, and 
number of nuclei all play a role in determining the amount of 
distortion. For example, crystals of alum formed on the bottom 
of a beaker are flattened, whereas those suspended in the solution 
and growing unimpeded form more perfect octahedra (Fig. 30). 
The rate of cooling may also profoundly alter the habit. If the 
crystals are grown too rapidly, certain faces that would normally 
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develop may never have an opportunity to grow to any apprecia- 1 
ble size. Crystals of KM11O4 grown slowly by evaporation 
develop a dominant macrodome {102}; but, when the crystals 
are grown more rapidly, there is a tendency for the development 
of prismatic crystals elongated parallel to the 6-axis (Fig. 316). 

If impurities are present in the solution, they may be incor- 
porated in the crystal in solid solution, they may be adsorbed by 




Fig. 31. — Crystal habit-variation of KM11O4. (a) Crystals grown slowly by 

evaporation, macrodome {102} dominant; (6) crystals grown rapidly, prismatic, 
elongated parallel to Z>-axis; .(c) grown with dilute concentrations of K2CO3; 
( d ) grown with equal ionic concentration of K2CO3. H, E. Buckley , Z. Krist.) 


a number of forms or only by a particular form of the growing 
crystal, or there may be no adsorption of the impurity. The 
factors that determine which will take place are the similarity 
between the force fields, structure, polarizability, etc., of the sur- 
face of the crystal and that of the impurity. 

The case of lead nitrate crystallizing from a solution contain- 
ing methylene blue vividly illustrates the selective nature of 
adsorption. The normal habit of pure lead nitrate grown from a 
water solution is octahedral; but, if a small quantity of methylene 
blue is added, the crystals develop small cubic faces truncating 
the octahedron. The octahedral planes are colorless, whereas the 
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cube faces are blue. As the concentration of the dye is increased, 
the cube faces become more prominent and finally, with a certain 
concentration of dye, only cubes are obtained. In other words, 
the growth vector of {111} decreases and that of { 100 } increases 
with increasing amounts of dye. 

It can be seen that this phenomenon is due to the selective 
adsorption of the dye by the } 1 00 } planes whereas the {111} 
planes are not affected. Buckley, (33) however, has shown that 
the simple picture presented here is not wholly correct. The 
“cube” planes are (110), and the complex structure of the dye 
makes the interpretation more involved. Nevertheless, the gen- 
eral idea is correct in principle, if not in detail, and a more 
precise description is given in his paper. The selectivity is due 
to the fact that the atomic structure of lead nitrate on the {111} 
surfaces is different from that on the {100} surface and conditions 
in the latter are more favorable to housing the dye. The d 3 r e 
therefore acts as a protecting blanket, slowing up or preventing 
the normal accretion on {100}. Consequently the growth 
velocity in this direction is reduced ; the cube faces persist at the 
expense of the faster growing octahedral faces; and the habit 
becomes cubical rather than octahedral. 

The classic example of urea changing the crystal habit of 
sodium chloride from cubical to octahedral is also explained by 
the selective adsorption of urea on the octahedral planes. A 
further example of the marked effect of the concentration of the 
impurity on the habit of crystals is illustrated by KMn0 4 
crystals with dilute Iv 2 C0 3 (Fig. 31c) and with equal ionic con- 
centrations of K 2 C0 3 (Fig. 31r/). For a more complete descrip- 
tion and analysis of the relationship* between selective adsorption 
and crystal-habit modification, the papers by Buckley, C54) and 
Frondel C69) are recommended. 

The selective nature of crystal adsorption may be of practical 
importance in the synthetic coloring of crystalline materials. 
We have seen that, unless there is some similarity in structure 
of the coloring matter and that of the crystal, no adsorption will 
take place. Moreover, the color of crystals is often unequally 
distributed in segments or bands depending on the nature of the 
coloring material. 

Oriented ' Overgrowths and Intergrowths . — Oriented overgrowths 
are vividly shown in the photomicrographs of Fig. 32, from Bunn. 
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On the left are ammonium iodide crystals grown on a glass sur- 
face. Since there is no regular repeat period in the atomic 
arrangements of glass, the crystals grow with a random orienta- 
tion. The photograph at the right shows the same crystals 
grown on a freshly cleaved mica (muscovite) surface. Here each 
crystal has a parallel orientation due to the vectorial forces 
exerted by the mica sheet on the growing crystals. Oriented 
overgrowths have been observed in a number of minerals (rutile 
on hematite, chalcopyrite on sphalerite, etc.), and the orienting 



Fig. 32 . — Crystals of NHJ grown on glass (left) showing random orientation 
and on layer of muscovite (right) showing preferred orientation. {From W. L. 
Bragg, “ A.tomic Structure of j 'M inerals' ' ; George Bell <Sc Sons, Ltd.) 


inf luence of the substrate on the superdeposited mineral is 
dependent on the similarity of their structures. When the 
superdeposited crystals and the substrate have planes with 
similar atomic arrangements and force fields, there is a tendency 
for a preferred orientation. Hence, if the ammonium iodide 
crystals were grown on another crystal that did not have a similar 
atomic arrangement, there would be no tendency for preferred 
orientation. Instead, they would be random just as in the case 
of glass. It is interesting that a piece of glass polished in one 
direction assumes a certain surface anisotropy. Zocher C27) 
proved this by showing that methylene blue crystals grown very 
rapidly on such a surface were oriented, as indicated by their 
polarizing power. We shall see later that a similar phenomenon 
takes place in intergrowths. For further data, see recent papers 
by Frondel, C69> which are recommended for clarity. 
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Another example of the influence of adsorption at the crystal- 
solution interface is found in the selective incrustation of min- 
erals. (68) I* 1 the crystallization of certain minerals in an open 

space in the presence of various earlier formed crystals of 
different species, there is a tendency for the later mineral to 
crystallize preferentially on a particular species instead of encrust- 
ing all species. In these cases, chemical reaction between the 
solution and the surface of the crystal may also affect the selec- 




Fig. 33. — Selective incrustation of crystal forms. Hematite (stippled) on 
quartz, Paterson, New Jersey; r — positive rhombohedron, Z = negative 
rhombohedron, m = prism. ( From C . Frondel, Am. Mineral.) 


tivity. Thus minerals with similar crystal structures have a 
marked tendency to encrust each other, whereas quartz and the 
metallic sulfides (which are not similar structurally) show no 
such tendency. 

A careful examination of the encrusted minerals shows that a 
particular form or group of forms of certain crystals are covered 
with a superdeposited mineral whereas other forms of the same 
crystal are not. This is illustrated in Fig. 33, from Frondel. Here 
the positive rhombohedron of a quartz crystal from Paterson, New 
Jersey, is covered with a film of bright red hematite but thenega- . 
tive rhombohedron is not covered. Moreover, the prism is 
not so heavily encrusted as the positive rhombohedron; and, in 
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addition, the comers and edges of the prism are more heavily I 
encrusted than the face. This can be interpreted on the basis | 
that the adsorptive power of the different forms of quartz is | 
variable. In this particular case (i.e., hematite encrusting . 
quartz), the adsorptive powers in decreasing order aie positive 
rhombohedrons, prism corners and edges, and prism faces, \ 
whereas the negative rhombohedrons are not coated and appar- \ 
ently exhibit no attraction for the hematite. j 

Lastly, mention should be made of exsolution intergrowths. I 
The crystallization of a substance from solid solution in another 
crystal is similar in principle to the overgrowths described above. 
In exsolution, the crystals of the precipitated phase tend to 
orient within the host crystal so that structurally similar, planes 
in the two substances coincide. In this way, the expenditure 
of energy for the generation of the new surface is kept at a mini- 
mum. Well-known examples are ilmenite and magnetite mutu- 
dly exsol ved from solid solution so that (0001) of the former is 
parallel to (111) of the latter (these planes are the most similar 
>f the two structures) and to ilmenite and hematite shown in 
Fig. 34. At high temperatures, potash feldspar and soda-lime 
feldspars are miscible to a certain degree; and, as the temperature 
falls, the latter may crystallize out as oriented inclusions in the 
host crystal to form a “perthite.” 

5. Identification of Crystals. X-ray Analysis . — There are so 
many applications of X-ray methods in the field of ceramics that 
only a few of the more obvious uses can be pointed out here. 
With experience, the X-ray analyst develops many techniques 
and uses for his specific problems. In brief, it is perhaps the most 
useful analytical method available for the study of matter in the 
solid state. However, as is true with other methods of analysis, 
it has its limitations; for no one method is complete in itself, and 
supplementary data obtained by other methods are desirable and 
often necessary. This method of analysis has many advantages 
over others because the specimen is examined as it is, without 
changing its condition or state of chemical combination in any 
way. In addition, the method works equally well for opaque and 
nonopaque materials and on grains far smaller than those neces- 
sary for petrographic methods. The X-ray method is used 
mainly for the study of crystalline solids, although the work of 
Warren shows that much information can be obtained from 
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, Perhaps the most useful application of the method is 

' the identification of crystalline solids, mixtures, solid solutions, 
etc It will readily distinguish between crystalline and glassy 
matter and thus can be used to detect devitrification in glasses. 
Since the results obtained are dependent upon the actual arrange- 
ment of the atoms, they are less affected by superficial variations 
than by most other methods. By the same token, many 
minute but significant variations can be detected and certain 



Fig. 34. — Hematite (light) and ilmenite (dark), exsolution intergrowth, Sehroon 
Lake Village, N. Y. (200 X). ( W . H. Newhou&e , Bui. Gaol. Sac. Am.) 

important information that cannot be got by other methods can 
be obtained by X-ray analysis. 

As little as 1.0 mg. of the sample, which may be in the form of a 
powder, is required for an X-ray analysis. If only a small 
amount of sample is available it may also be used for other 
analytical methods or retained for records, since it remains 
unchanged by the 'examination. 

There are many miscellaneous applications of the X-ray 
method such as following the course of chemical reactions; learn- 
ing theeffect of heat-treatment at various stages; detecting grain 
growth, recrystallization, and phase change; determining particle 
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sizes of microscopic and submieroscopic grains (Chap. XIX) ; and 
measuring thermal expansion (Chap. XVI), preferred orientation, 
and strain. 

The mosf important method for identification by X-ray analy- 
sis is the “powder method . ” A fine beam of monochromatic 
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Fig. 35. — Powder photographs on a flat plate (above) and cylindrical film 
(below). (From IP. L. Bragg, “ The Crystalline State'’; The Macmillan Company.) 

X rays strikes a small amount of powder in which the crystals 
have a random orientation. The interatomic distances are about 
the same as the wave lengths of the X rays, so diffraction takes 
place according to the Bragg equation 


nX — 2d sin 6 
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where n = an integer (usually one in powder pictures) 

X — the wave length of X rays used 
• d = the distance between atomic planes 
d — the diffraction angle 

The diffracted X rays are recorded on either a flat or a cylindrical 
film, as shown in Fig. 35; and Fig. 36 shows a number of typical 
photographs. The spacings and intensities of the lines are 
dependent upon the atomic arrangement and. composition of the 
crystal; therefore the pattern thus formed serves as an absolute 
means of identification, for no two compounds give the same 
pattern. For details of this method, the reader should consult 
Davey (56) or Wyckoff. C71) 

In order to find the mineral corresponding to a given pattern, 
some form of indexing is needed. This is especially true when 
several minerals occur in the same sample. One of the most 
important advances in the identification of compounds by the 
powder method is that of Hanawalt, Rinn, and Frevel. C94) They 
give the spacings and intensities of the lines of 1,000 chemical 
substances and describe a method for identifying the compound 
by use of an elaborate catalogue (462 pages) which can be com- 
piled easily from their data. The spacings of all the substances 
vary from 0.5 to 20 A. and are divided into 77 major divisions 
(based on the d values of the strongest line of each pattern), 
which, in turn, are subdivided into 77 subgroups (based on the 
spacing of the second strongest line). The sizes of the divisions 
are based upon experience and are larger than the accuracy of 
the measurement of the positions of the lines. The name of the 
compound and d values of the third and fourth strongest lines 
are also included in the catalogue. With each major division is a 
supplementary group index section, giving the names of all the 
compounds whose strongest line falls in that major division and 
also the three strongest lines listed in three orders: 1, 2, 3; 2, 1, 3; 
3, 1, 2. A compound can be identified by measuring the posi- 
tions and relative intensities (visual) of all the lines' on the film 
and listing them in order of decreasing d. Attention is then fixed 
on the three strongest lines, which can be picked out easily with 
some experience; if two lines have the same intensity, the rule is 
to list the one with the greater d value first. The strongest line 
determines the major group, and the second strongest line the 
subgroup in the catalogue. Most subgroups contain only one 
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Pig. 36. — Powder photographs on cylindrical .films. ( From W. L. Bragg, 
“ The Crystalline State”; The Macmillan Company.') (a) KC1 ' (above), NaCl 
(below) showing indices of corresponding planes. Q>) Quartz (above) and 
cristobal it e (below) give totally different types of patterns. (c) Alumino- 
silicates. These are similar in composition and structure but can be differen- 
tiated by powder pictures especially in the high 0 regions (far right) of the filji. 
id) Silver at 1S° (above) and 500°C (below). Thermal expansion is shown by 
shift of lines toward center of film, indicating a larger lattice parameter. 
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compound (the largest number in the subgroups is seven.) ; con- 
sequently if the third strongest line checks with one of the com- 
pounds listed, the identification is completed. The fourth line 
can be used as additional evidence, and the original known film 
can be used for final evidence. If no match is obtained, valuable 
negative evidence has been secured during the search. 

If the unknown is a mixture of phases and if the second strongest line 
of the pattern happens to be the strongest line of the second component, 
the pattern will not have been found and one proceeds by using the 
third strongest line of the unknown pattern to determine the subgroup, 
and so on. One cannot fail to find any or all the components of a mix- 
ture which exists in the reference file. 94 

Thus the method works like a fingerprint file, and any com- 
pound listed in the catalogue can be identified rapidly. The 
original paper should be consulted for the routine of identifying 
mixtures containing components with some superimposed lines. * 

If only a limited number of substances, say 150 at most, is all 
that one will reasonably expect to find in some specialized field, 
the method suggested by Warren t62) should be most helpful. 
First, a little library of known patterns is compiled from care- 
fully selected samples, preferably those with a chemical analysis. 
The voltage, exposure time, amount of sample, developing, etc., 
should be kept as constant as possible. The films are measured, 
and all the lines of each substance are listed in order of decreasing 
spacing. The intensity and index of the line, if known, should 
also be listed. It is advisable to check the measured values with 
those in the literature 0,4 - 21) or .with the spacing^' as determined 
from the indices, if the film can be indexed; if the structure of 
the compound is known, the computed spacings and intensities 

*A 4,000-card index of X-ray diffraction data is now available from The 
American Society for Testing Materials, 260 S. Broad St., Philadelphia, Pa. 
Supplementary cards will be issued as new data becomes available. See 
| also Am. Mineral ., 27 , 63—113, 1942. A recent Ilussian publication gives an 
| enormous amount of data but may be difficult to obtain: Mikheiev, Y. I., 

'■ V. 1ST. Dubinina, and G. A. Kovalev, Ann . de V Institute des Mines d Lr&nin- 
ij 9 ra >d, 11 , II, 1939; Boldyrev, A. K. V. I. Mikheiev, and G. A. Kovalev, ibid., 

Ij 1939. For indexing films see also J . Applied Phys., 8, 553, 1937; ibid., 

; 13 , 109, 1942; Am. Mineral ., 26 , 395, 1941. Additional data may be found 
in issues of Am. Mineral., Mineralog. Mag. (London), Z. Krist ., J. Chem. 
Phys., J . Am. Chem. Soc., J. Am. Ceram. Soc., Unity. Toronto Studies , Geol. 

, Ser., issued annually, etc. 
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can be compared with the measured values. Although the [ 
catalogue of spaeings could be compiled directly from the litera- 
ture, it is good practice to have the films of the knowns available 5 ? 
for direct comparison. A catalogue is then compiled with the§ 
spaeings of all the lines of all the compounds arranged in order of | 
decreasing d with the intensity and the name of the compound U 
listed with the line. Such a list would cover many pages but!' 


Table 13.* — Sample Catalogue of Stagings and Intensities of Dif- 
fraction Lines of Six Compounds for Range d = 1.750 to 1.350 


. d 

I /I i 

Compound 

.d 

I/I i 

Compound 

I o* 

1.74 

0.50 

a-Al 2 0 3 f 

1.53 

0.04 

a-Cristobalite 

1.72 

0.07 

Muscovite! 

1.50 

0.05 

oj-ALOg 

1.69 

0.05 

o'-Cristobalite § 

1.498 

0.33 

Muscovite 

1.67 

0.40 

Kaolin || 

1.494 

0.06 

<x-Cristobalite 

1.66 

0.08 

or-Quartz^ 

1.490 

0.56 

Kaolin 

1.64 

0.20 

Muscovite 

1.450 

0.02 

ce-Quartz 

1.63 

0.08 

MgAl 2 0 4 ** 

1.430 

0.05 

a-Cristobalite 

1.51 

0.12 

a-Cristobalite 

1.417 

0.75 

MgAl 2 0 4 

1.69 

1.00 

o-AlsOs 

1.402 

0.40 

ar-Al 2 0 3 

1.57 

0.01 

a:-Cristobalite 

1.400 

0.02 

a-Cristobalite 

1.54 

0.40 

MgAl 2 0 4 

1.375 

0.25 

ce-Quartz 

1.54 

0.20 

a-Quartz 

1.370 

0.50 

qj-AIoOs 

1.54 

0.16 

Kaolin 

1.370 

0.03 

a-Cristobalite 

1.54 

0.05 

«-ai 2 o 3 

1.358 

0.01 

MgAl 2 0 4 


* Table compiled from data given by Hanawalt, Rinn, and FrevelA 94 ) 
f [Their] Pattern No. 11. 
t Pattern No. 16. 

| Pattern No. 743. 
j! Pattern No. 17. 

*]" Pattern No. 746. 

** Pattern No. 497. 

still be smaller than the catalogue required by the Dow method 
described above, d would probably vary from about 0.2 to 
20 A. as in the Dow tables. A sample list covering the range 
d — 1.750 — 1.350 for «-Al 2 0 3 , muscovite, a'-cristobalite, kaolin, 
of-quartz, and MgAl 2 0 4 is given in Table 13 . Identification is 
then easy and rapid. The film of the unknown substance is 
measured; spaeings are computed and compared with those of the 
catalogue. For each spacing value of the unknown, the possible 
substances that have the same spacing within experimental error 
would be listed in the catalogue. Thus, if the unknown showed 
lines d — 1 . 74 , 1 . 59 , 1 . 54 , 1 . 50 , 1 . 402 , and 1.370 in the rang^ 
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covered by Table 13, the mineral would be a-Al 2 0 3 . The larger 
the catalogue the greater the possibility for two or more com- 
pounds to have one or more lines in the pattern with identical 
spacing, but the chance of identification is also greater. There 
are four compounds in Table 13 with d = 1.54 and two with 



Fig. 37. — Device for comparing powder films. ( Courtesy of M. J. Buerger.) 

d = 1.370. In general, the number of coincidences of d values 
of different compounds is small. Also most of the remaining 
lines apparently will have different d values, and hence identifica- 
tion is assured provided the substance is listed in the catalogue. 
If the unknown has been identified with the catalogue or limited 
to two or three possibilities, the unknown is compared with the 
original patterns and checked carefully for intensities as well 
as spacings. A device for comparing spacings of a number of 
powder films is shown in Fig. 37. Absolute intensity comparisons 
are not necessary. Such a catalogue of crystalline ceramic sub- 
stances would be most useful. 

Clark (115) gives a good review of the various types of X-ray 
apparatus.- In general, it is expensive, and the price varies 
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considerably depending upon the type of equipment. A moder - 1 
ately complete X-ray laboratory probably cannot be set up for? 
less than about $3,000, which is very likely the minimum. j 

There are two principal types of X-ray tubes: the gas or ion! 
type and the electron type, which has a permanent vacuum. The ! 
life of the former is practically unlimited; different types of targets 
can be introduced readily; and it is the type best suited for gen- 
eral X-ray work. The electron-type tube (often called “filament 
tubes ”) are easier to handle but have a limited life — usually about 
1,000 hr. Excellent filament tubes with various targets can be 
purchased in this country, and gas tubes can be made up in a shop 
or purchased. 

Unlike microscopic equipment, which is well standardized, 
X-ray equipment is, in many respects, still not in the “ push- 
button ” stage. It is absolutely necessary to consult with two 
or three experienced X-ray analysts before placing an order. A 
remarkable improvement in X-ray apparatus is the new General 
Electric unit (Fig. 38), which is as near a foolproof unit as can 
be obtained commercially at the present time. The company 
supplies excellent data on operation (125) and will arrange for 
installation, so even a man with little experience can operate it 
successfully. A number of universities are now training men in 
^-“^ay diffraction analysis. It is unreasonable to expect a man 
with no formal training in this field to be able to use the method 
to its fullest advantage. On the other hand, a man trained only 
in X-ray technique and with no background in the crystal 
chemistry of the solid state could not derive the full benefit and 
power of the method. Of course, much equipment can be built, 
but it is not advisable unless a well-equipped shop and an instru- 
ment maker experienced in the construction of X-ray equipment 
are both available. 

Dangerous burns may result from improper handling of X-ray 
equipment. Before the equipment is used, an experienced X-ray 
analyst and the directions of the National Bureau of Standards 
should be consulted. Modern X-ray equipment can be used 
easily with complete safety if handled properly and if minimum 
precautions are followed. 

Petrographic Analysis. The study and identification of min- 
erals with the petrographic microscope is a science that has been 
developed to a high degree and is now an indispensable tool in 
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many types of investigations. Petrographic methods can be used 
in identifying fragments smaller than the head of a common pin 
even if only minute quantities are available. Moreover, the 
grains need not have crystallographic faces. Men who have had 
a few college courses in the subject can, with experience, develop 


Fig. 38. —The new General Electric XRD unit with four types of cameras in 

place. 026) 

into competent petrographers. The technique is simple, does not 
require very elaborate apparatus, and has a number of distinct 
advantages over other methods. 

The identification of chemically complex minerals by petro- 
graphic methods is no more difficult than that of chemically 
simple compounds. A silicate analysis may take an expert 
chemist four or five days, but identification by the immersion 
method can be made in an hour or less, thereby permitting a large 
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saving in time and money. The identification of various phases 
of the same compound (polymorphs) are as easily distinguishable 
as two different compounds. Thus a chemical analysis of a 
chrome ore before and after firing would not show the effect of the 
k e at-treatment, whereas an optical study would show the phase 
and textural changes that have taken place. A good example 
is found in the firing of silica brick. Chemical analysis would not 
distinguish between the phases of silica developed, but petro- 
graphic analysis would show the relative amounts of quartz, 
tridymite, cristobalite, and glass. 

In addition, the degree of homogeneity of the material can be 
readily observed; mixtures are easily distinguished; and their 
individual components identified. For example, a mixture of 
corundum (n = 1.760 — 1.768) and mullite ( n = 1.688 — 1.653) 
can be immersed in a liquid of refractive index n 1.70, and each 
readily distinguished by a simple central-illumination test in a 
| matter of a few minutes. 

Another example will illustrate how petrographic studies are 
useful in supplementing chemical data. A chemical analysis of 
sand for making glass would show, let us say, the exact amount of 
iron oxide and titania present. But this does not reveal whether 
the impurities are present as limonite coating the quartz grains or 
as single crystals of ilmenite and magnetite. This knowledge, 
necessary in order to know which procedure should be employed 
to purify the sand, can be obtained from petrographic study. 

It should not be inferred from the preceding discussion that 
petrographic methods have taken or will take the place of 
chemical analysis. Both methods have their sphere of useful- 
ness. It should be emphasized that petrographic procedure, 
and especially the immersion method, is probably the best method 
for the identification of nonopaque minerals. Perhaps the most 
serious drawback of the method is that, if the grains are smaller 
than about 300 mesh, identification may be difficult or impossible. 

Petrographic techniques have attained such importance in the 
field of ceramics that the entire February, 1937, issue of the 
Bulletin of the American Ceramic Society (8€) is devoted to a 
bibliography of papers dealing with various phases of ceramic 
microscopy. 

A great w T ealth of information can be obtained from the micro- 
scopic examination of a thin slice of the specimen (0.03 mm. thick) 
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mounted on a glass slide with Canada balsam. Although the 
indices of refraction cannot be determined accurately, they can 
be estimated and the other optical properties determined. More 
experience is required on the part of the investigator than for 
identification by the immersion method; but identifications can 
be made readily, and one soon becomes familiar with the com- 
mon minerals that have characteristic properties just as in the 
case of hand specimens. One of the great advantages of thin 
sections over the immersion method is that the texture and 
intimate relations of the constituents can be readily observed 
exactly as they exist in the specimen. In this way, a study 
directly at the interface can be made of the effect of the melt on 
the refractory. The study of thin sections is described in the 
standard textbooks and the recent paper of Faust and Gabriel. C118) 

The composition of the specimen in terms of the percentage 
of each mineral can be determined by thin-section studies. The 
section is moved through the field of view by an integrating stage 
attachment, and the distance occupied by each mineral is regis- 
tered by a mechanical or electrical counter. (105) The apparatus 
usually has five or six counters — one counter for each mineral and 
one for empty spaces. After a number of traverses are made 
across the section, the percentage of each mineral can be com- 
puted from the areas that, in turn, are obtained from the dis- 
tances registered on the counters. It is necessary to be able to 
identify the minerals rapidly, for otherwise the time required 
would be prohibitive. Usually they can be identified at sight; 
but at times a rapid distinction between, say, feldspar and 
nepheline is difficult. Keith, (107) Shand, (110) and Faust C117) 

recommend methods for distinguishing such minerals in which the 
sections (without cover glasses) are exposed to an acid and then 
stained by dyes. In this way, one mineral may be stained, say, 
green and the other another color or may remain colorless. Then 
the minerals can be rapidly identified, and the Rosiwal analysis- 
computed. 

A number of books are available that give a comprehensive 
discussion of the theory and methods of optical mineralogy. The 
books of Buchwald., (83) Buerger, C1 9 2) Chamot and Mason, C114) 
Groth, C5) Johannsen, (11) Niggli, <16) Winchell, C93) and Wright C6) 
are recommended. 
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The principal refractive indices and their crystallographic it 
orientation are the most fundamental optical constants of the 
mineral. The birefringence, optic sign, and optic axial angle can 
be computed from the indices and can be also determined directly. 
The measured data can then be used to check the computed data. 
Additional data such as dispersion of the optic axes, extinction 
angle, and pleochroism can be readily determined by the well- 
known methods. A brief review of the examination by optical 
methods is given in Fig. 39. 

The most complete discussion of the immersion method, which 
has been found so useful for identification purposes, is that of 
Buerger. C102) It should be emphasized that although the immer- 
sion method is one of the most useful means for identifying non- 
opaque minerals and can be applied to many types of problems, 
its full value cannot be realized without a good background in 

t ptical crystallography. It is of little practical use to know how 
... 3 determine the refractive index of an anisotropic mineral to 
four decimal places if the orientation of the grain is unknown. 

The immersion method resolves itself into finding a liquid 
whose refractive index is the same as that of the mineral. A 
series of standard liquids of known refractive index are used for 
this purpose and are described by Kaiser and Parrish. Cl06) After 
the indices have been measured, the mineral may be determined 
by the use of the tables prepared by Larsen and Berman. (S8) 
These tables are the best available and are invaluable in routine 
identification by the immersion method. The determinative 
tables of Winehell C63) and his descriptions of the optical properties 
of natural minerals C52) and synthetic minerals c 4 x) are also helpful, 
although they are not arranged primarily for immersion work. 
Other important reference works are listed in McVay’s 
bibliography. <86) 

The petrographic microscope is a special type of microscope 
designed primarily for optical tests rather than for greater magni- 
fication and perfection of the image. The more important special 
features of a petrographic microscope are the polarizer (a calcite 
Nicol prism) for producing plane polarized light, the analyzer 
(another Nicol) whose vibration direction is normal to the 
polarizer and can be readily removed from the optical path, and 
the Amici-Bertrand lens set below the eyepiece and used in 
obtaining interference figures. It cannot be emphasized too 
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■ gtrongty that the “chemical” and “biological” microscopes fixed 
up with makeshift accessories are not suitable for crystallographic 
purposes. The usual cost of an ordinary petrographic microscope 
is about $400 and varies considerably with the number of acces- 
sories, objectives, etc. Unlike X-ray equipment, much of the 
optical equipment has been well standardized, and the representa- 
tives of the companies listed below are well acquainted with the 
apparatus best suited for various types of problems. Moreover, 
their catalogues supply excellent technical information. These 
should be carefully read and it is also advisable to consult an 
experienced petrographer before placing an order. Companies 
manufacturing petrographic microscopes include 

Bausch & Lomb Optical Company, Rochester, New York. 

E. Leitz, Inc., 730 Fifth Avenue, New York. 

Spencer Lens Company, Buffalo, New York. 

Carl Zeiss, Inc., 475 Fifth Avenue, New York. 

Besides the microscope and its accessories, a series of immersion 
liquids are required varying in index of refraction by even steps. 
An ideal series of liquids can be prepared by mixing various pro- 
portions of two perfectly miscible end members of different 
refractive index. In such -a scries of liquids, the refractive index, 
dispersion, and temperature coefficient, — dn/dt , vary linearly 
with the composition. (47) 

Kaiser and Parrish (106) have recently described in detail the 
preparation of immersion liquids for the range n u = 1.411 to 
1.785, and their paper should be consulted for the details that 
cannot be given here. Since its publication, however, a far 
better low-index series has been found. Instead of n-decane and 
medium Government oil as suggested in the paper for the series 
1.41 — 1.46, diethyl oxalate and dibutyl phthalate, n D — 1.409 
and 1.492 respectively, at 22°C. are recommended by Jewell J. 
Glass, U.S. Geological Survey. Univolt oil, n n — 1.475, can 
be used in place of medium Government oil which apparently is 
no longer manufactured. For most work, it is advisable to have 
a set of about 75 bottles for the range 1.415 to 1.785 with a 0.005 
index increment between adjacent bottles, i.e., 1.600, 1.605, 1.610, 

. . . Increments smaller than 0.005 can be obtained by mixing 
drops from adjacent bottles on the microscope slide. Less than 
1 per cent of the minerals listed by Larsen and Berman have a 
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/3-index less than 1.400, and only 2 per cent have a /3-index greater J 
than 2.70. Fifty-four per cent of all minerals have a /3-index I 
between 1.475 and 1.700. j, 

West (79a) has prepared liquids of varying proportions of phos- l 
phorus, sulfur, and methylene iodide for the range n D = 1.78 to \ 
2.06, but they have a bad odor. | 

Thin sections are prepared commercially by the following for a f 
nominal cost. f 

F. S. Reed & J. L. Mergner, 5519 Nevada Ave., N.W., Washington, D.C. ■ 
George S. Rev, Box 25, Room 108, Amsterdam Ave. at 119th St., New j 
York. j 

W. Harold Tomlinson, 114 Yale Ave., Swarthmore, Pennsylvania. 

Rudolf von Heune, 822 Dos Robles Place, Alhambra, California. 

\ Other Means of Identification.— A number of other methods 
Ror identifying minerals are often found useful in conjunction 
I with the X-ray method and the petrographic method. For 
example, in studying the clay minerals, the method of thermal 
analysis, described in Chap. Y, is found particularly valuable for 
quantitative determinations of the minerals diaspore, gibbsite, 
and kaolinite in high alumina clays. 

The true density of the mineral is an aid in identification. A 
convenient table listing minerals in order of their density is 
given by Rosenholtz and Smith , (40) Spencer, (19) and Landes. (34) 
Although the density alone does not identify a mineral, it will 
place the mineral in a comparatively small group, which will 
greatly facilitate its further study by other means. Further 
work on pure, homogeneous minerals of known composition will 
give much more reliable data than now available. 

The hardness of the mineral, also used as a means of identifica- 
tion but only in a rather general way, would be employed more 
as a confirmation of other data. Lists of minerals in order of 
their hardness are given by Rosenholtz and Smith (40) and also 
in various textbooks. 

Fluorescence has been used in the last few years as a means of 
identifying certain types of minerals. For example, the dye 
morin will show little fluorescence when in contact with raw clay; 
but after heating to such a temperature that the clay structure is 
broken down, forming free alumina, then a typical fluorescence 
appears in the presence of morin. At higher temperatures where 
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alumina combines with the silica to form mullite and glass, the 
fluorescence subsides. 

Color in itself is not usually a means of identification, because 
many of the minerals in the refractories are colored by traces of 
impurities such as iron, manganese, or chrome and the true min- 
eral color is of little aid. However, a petrographer familiar with 
a particular type of refractory unconsciously uses the color of the 
minerals in thin sections as a guide in identification. 
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kaolinite crystals/ 73 * gives an idea of what will be accomplished 
when we have had more experience with the electron microscope. 

The clay particles have attached to their edges various adsorbed 
ions, such as Oa, ISTa or SO3, that markedly affect their physical 
properties. 'With the clay minerals is often associated organic 
matter such as lignite and humus, which may act as protective 
colloids and influence the physical properties of the clay. Most 
clays also contain impurities, often of large grain size, such as 
quartz, mica, feldspar, and other nonplastic minerals. Also the 



Fig. 40. — Kaolinite crystals, 16,000 X. Taken with the electron microscope 
developed by the physics department of Massachusetts Institute of Technology. 

clay minerals themselves can have iron and other metallic atoms 
in the crystal lattice. 

The Origin of Clay . — Clay is always an altered product derived 
by weathering or hydrothermal action from rocks rich in feldspar. 
There is still no agreement among geologists as to the exact 
mechanism of clay formation or why various clay minerals are 
apparently obtained from the same parent rock. In most cases, 
the action is principally one of removal of the alkalies and decrease 
of the silica, the former being removed as soluble salts and the 
latter as colloidal silica. When silica removal is carried to the end 
point, as a result of the high permeability of the mass to the 
percolation of ground water, gibbsite or diaspore is the result. 
We are not sure whether a step-by-step process occurs or the 
reaction goes directly from the feldspar to an end point. 
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Clay minerals have been produced in the laboratory under cer- 
tain conditions of temperature and acidity from feldspars, the 
reaction taking place most rapidly at about 300°C. It would 
have seemed curious a few years ago that under identical reaction 
conditions, the end product of potash feldspar, for example, is 
sericite whereas from calcium feldspar montmorillonite is pro- 
duced; i.e., the cation in the original rock, the original atomic 
arrangement, or both together seem to have some control over 
the type of end product- Geologists now are beginning to believe 
that in all metamorphic changes, there is some relation between 
the atomic structure of the original material and its product, as 
discussed more fully in Chap. IV. 

Clays found in the same location as the parent rock from which 
they were formed are called “ residual clays.” Such clays usually ' 
contain rock fragments and thus require washing, for which rea- 
son they are not used to any great extent in refractories. The 
primary kaolins of North Carolina are a good example of a 
residual clay. 

Transported clays are sediments deposited in lakes, swamps, 
or the ocean. They may be considerably altered during and after 
transportation. The sedimentary kaolins of Georgia and most 
fireclays are examples. 

The classification of clays according to origin in Table 14, as 
suggested by Stout, will be helpful in understanding the proc- 
ess of clay formation. 

The excellent chart by Chelikowsky, (28) shown in Table 15, 
gives a picture of geologic distribution of fireclays in the United 
States. 

Clay Minerals . — The clay minerals may be divided into definite 
types; but since various degrees of isomorphism can occur, there 
is a vai’iability in composition that makes classification and 
identification difficult. The grouping indicated in Table 16 gives 
a reasonable picture of their relationship based on our present 
knowledge. The atomic arrangement shown in Fig. 40a is a 
probable one, but only in the case of dickite is it universally 
accepted. ■ In refractory clays, clay minerals are seldom found 
other than kaolinite, diaspore, and gibbsite. 

The identification of the clay minerals, in many cases, . is diffi- 
cult because of their small size and indefinite composition. 
Petrographic methods can be used for the coarser grains. X rays 
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may be used to identify the finer fractions with a considerable 
degree of certainty, especially if specimens are prepared with a 
preferred orientation of the crystals. Anothei useful method is 
thermal analysis which can be made to give quantitative values, 
in some cases when the mineral is present in amounts as low as 


Table 14 . — Classification 


Products of 
ordinary 
weathering 
No 

yliesidual movement 

matter during Same as 

formation above with 
additional 
chemical 
action 


of Clays as to Origin* 
From, 
crystalline 
rocks 
From 

sedimentary 
rocks 
From 
crystalline 
rocks 

Pr ° m , 3 Bauxite 

sedimentary^ D . a 

rnnka 


j Impure residual clay 
( Primary kaolin 

Impure residual clay 
Kaolinitic clay 


Bauxite 


Deposited in still 
water, little or no 
current action, seas, 
lakes, bogs, etc. 


L Transported 
matter 


^Deposited by slowly 
moving waters, 
streams, estuaries, 
etc. 


Deposited by glacial 
action 


\ Deposited by winds 


Products of 
ordinary 
weathering 
Same as above 
with additional 
intensive chem- 
ical action 

Products of 
grinding with 
some weather- 
ing 

Products of 
abrasion with 
slight 

weathering 
Products of 
abrasion with 
slight 

weathering 


Argillaceous shale 
Argillaceous silt 
Sedimentary kaolin 
Ball clay 
Some bauxite 
Coal-formation clay 
Diaspore 

'Siliceous shale 
Siliceous silt 


Glacial clay or till 


Loess 


* Lecture on Clays by W. Stout, at Massachusetts Institute of Technology, 1937. 


1 per cent by weight of the total. As the first two methods have 
been described in Chap. IV, only the method of thermal analysis 
will be discussed here. 

If the clay mineral is placed in a furnace beside a neutral body 
such as alumina, and heated at a uniform rate (12°C. per min.), 
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a temperature difference between the two that can be detected 
by a differential thermocouple will occur at different stages of the 

Table 15 * — For Details Concerning Numbers Refer to Reference 28 .* 

geologic distribution of fire clays in the united states 
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heating. The temperatures at which these differences occur are 
characteristic of the various clay minerals and serve as a means of 
identification even when they are mixed with others. 1 A con- 
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f These clays may belong to the montmoriilonite group. 

| The A1 may be partially or wholly replaced by Fe or Mg. 

§ n is equal to zero for pyrophyllite and talc. It is variable for montmoriilonite. 
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Fig. 40a. — Structural data of the clay minerals. First column is schematic 
drawings (not to scale) of the atoms in a unit cell projected into one plane. 
Second column gives number and type of atoms in each lattice plane and third 
column gives the corresponding valence charges. Where ( +) and ( — ) charges 
axe equal, lattice is neutral; whero unequal, the charge is equal to the algebraic 
difference. {From, E. A. Hauser , J . Am. Ceram. S oc.) 
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venient apparatus is shown in Fig. 41 for this purpose. Figure 
42 gives the differential temperatures for kaolinite, gibbsite, and 
diaspore plotted against the true temperature. The large endo- 
thermic peaks are caused by the energy required to expel the 
chemically combined water (the OH groups). The area under 
these peaks can be used as a quantitative measure of the amount 


g OD Fused silica tube ~ 



Detaii of 

Nickel Specimen Holder 

Transits asbestos 2 Standard pipe 



Fig. 41. — Differential thermal apparatus.’ ( J . Am. Ceram. Soc.) 


of that particular clay mineral. The areas for a 0.4-gr. sample are 
as follows : 


Mineral Area, °C. X seconds 

Kaolinite 1 1 ? 700 

Diaspore 11,150 

Gibbsite 21,800 


As an example, consider the thermal curve for a Dutch Guiana 
clay in Fig. 42. It will be noted that the peaks corresponding to 
kaolinite and diaspore, which are of small magnitude, occur at 
the temperatures of the initial parts of their respective reactions 
and not at the maxima. The area of kaolinite reaction is 700, 
for the diaspore 700, and for the gibbsite 19,200, This represents 
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6 per cent kaolinite, 6 per cent diaspore, and 88 per cent gibbsite. 
Converting these to silica and alumina, 2.8 and 64.6 per cent is 
obtained respectively as compared with 4.5 and 58.4 per cent 
from a chemical analysis. If the 3.2 per cent Fe 2 0 3 in the 
chemical analysis is counted as A1 2 0 3 , the agreement is good. 

The Exchangeable Bases . — -Attached to the broken corners and 
edges of all clays are ions that are not really part of the crystal 
structure but are held in place by unsatisfied bonds and thus can 
be replaced by other ions. The finer the particle size of the clay 



100 200 300 400 500 600 700 800 900 1000 

Temperature, Deg.C. 

Fig. 42. — Thermal curves of clay minerals. 


the more area is present for the attachment of these cations and 
the greater the so-called “base-exchange capacity/ 7 which is 
expressed in milliequivalents per 100 g. of dry clay. The 
exchange ions can be replaced by H + and OH - on a clay by a 
number of methods, the most satisfactory being the treatment 
in a dialysis cell shown in Fig. 43. The clay slip, containing 
5 per cent solids, is treated for about two weeks, the liquid in the 
end cells being replaced with distilled water at frequent intervals 
until a constant value of current is reached. Even with this 
long treatment there is reason to believe that many adsorbed ions 
or groups cannot be entirely removed. To produce a really clean 
clay calls for a more elaborate procedure. The liquid from the 
end cell may be evaporated and analyzed for the elements 
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extracted. The exchangeable metallic bases reported by Graham 
and Sullivan (53) for several clays are shown below. 


Exchangeable metallic bases 


Clay 

Ca 

| Mg | 

Na 

1 K | 

Total 

Georgia kaolin 

0.4 

0.6 

0.1 

Trace 

1.1 

Pennsylvania flint clay 

2.5 

1.8 

0.5 

0.4 

5.2 

Kentucky flint clay 

3.4 

2.0 

0.9 

0.8 

7.1 

Kentucky ball clay 

7. 1 

3.8 

0.5 

0.4 

11.8 


The total base-exchange capacity is believed in general to be 
as follows: 


Milliequiva- 
lents/100 g. 

Kaolin 2-6 

Ball clay 10—20 

Bentonite 50-100 

After a hydrogen clay is produced by dialysis, ions in any 
amount up to the saturation point can replace the hydrogen and 


\DisfiJ/ecf wafer x 


s Carbon cathode 



' Clay suspension 

Fig. 43. — Three-compartment dialysis cell. 


hydroxyl group to give a clay with controlled adsorbed ions. The 
type of ion present in the clay profoundly influences its physical 
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properties, producing a variable that has not generally been taken 
into account in the past. Just one example will bring this out 
for a fine-grained kaolin. 

Milliequivalents of Na + Dry Strength Modulus 

per 100 g. of Clay of Rupture, lb. per sq. in. 

0 (hydrogen clay) . 430 

• 7 700 

14 1 , 000 

The control of exchangeable bases is particularly important 
when using clays in casting slips. 

Organic Matter . — Many clays contain appreciable amounts of 
organic matter, such as lignite or humic acid. Dark ball clays 
and less pure bog clays contain especially large amounts. 
'"Although little scientific work has been carried out to determine 
the influence of this matter on the properties of the clay, it is 
generally agreed that it does influence the plasticity, dry strength, 
and slip-forming properties, either because of an organic colloid 
or because of the organic acid. This is an important field for 
research; the ceramist and the soil chemist should cooperate more 
closely along these lines in the future. Nearly all organic matter 
can be removed by long digestion with 30 per cent hydrogen 
peroxide. 

The ageing of clays, although little practiced in the refractories 
industry, is connected to some extent with bacterial action in the 
clay mass which produces substances acting much like the organic 
acids. 

Accessory Minerals . — All clays contain mineral fragments of a 
nonclay type which have an important influence on the properties 
of the clay. The minerals commonly found are as follows: 

Quartz 

Feldspars (orthoclase, plagioclase) 

Micas (muscovite and biotite) 

Iron Minerals (hematite, magnetite, limonite, pyiite, siderite) 
Titanium Minerals (rutile, anatase) 

Limestone (calcite, dolomite) 

Magnesite 

Gypsum 

Garnet 

Tourmaline 
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A few of these minerals, such as quartz, act as a refractory 
nonplastic, whereas the others act more or less as fluxes and 
reduce the refractoriness of the clay. 

Physical Properties . — Only within the last few years has it 
been possible to measure the full range of particle sizes in clays 
with assurance. The size distributions for a few' typical clays 



are shown in Fig. 44. It will be noticed, first, that there are few 
particles below 0.1/u, but a large portion are below T Ip, giving the 
greatest frequency between 0.2 and 0.8ju. As the surface area 
increases enormously with even a slight increase in the propor- 
tions of fines, careful measurements are needed in this range. 7 It 
will be noted that the plastic fireclays, though coarser than the 
kaolin in the larger size range, have more very fine particles, 
which accounts for their relatively greater plasticity.- 

In order to study the influence of grain size on the physical 
properties, it is most convenient to split a clay up into a number of 
nearly monodisperse fractions for which the mean size can be 
accurately determined. It will be found that most of the 
physical properties vary with the particle size, as shown by 
Whittaker C55a) in Table 17 for a clay containing wholly kaolinite. 

The plasticity, or workability, varies greatly among clays. 
In general, the finer grained clays, free from nonplastics, are most 
plastic. The plasticity of most clays can be increased^ by fine 
grinding, ageing, adding organic matter, or mixing in another 
clay of fine-grain size, such as bentonite. - 
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Whereas some clays readily slake in water, others will remain 
under water indefinitely without breaking down. The flint 
clays and shales consolidated by chemical action cannot be 
broken down without considerable grinding, but a plastic fireclay 
will quickly disperse into its ultimate particles when added to 
water. Undoubtedly the adsorbed ions have an important 
influence on the slaking. For example, a hard and a soft kaolin 
of the same chemical composition, both containing wholly 
kaolinite, show, in the first case, ten times as much exchangeable 
calcium ions as in the latter. 


Table 17. — Variation of Physical Properties with Particle Size 


Mean 

diameter, 

microns 

Surface area 
per .100 g., 
sq. cm. 

Drying 
shrinkage, 
per cent 

Dry strength, 
lb. per sq. in. 

Relative 

plasticity 

8.50 

13 X 10 4 

0.0 

4.6 

None 

2.20 

392 

0.0 

14.0 

None 

1.10 

794 

0.6 

64.0 

4,400 

0.55 

1,750 

7.8 

47.0 

6,300 

0.45 

2,710 

10.0 

130.0 

7,600 

0.28 

3,880 

23.0 

458 . 0 

8,200 

0.14 

7,100 

30.5 

296.0 

10,200 


In general, the fine-grained plastic clays have a high shrinkage, 
because they have large numbers per unit distance of interparticle 
water films, whose elimination causes the shrinkage. Mont- 
morillonite, the mineral in bentonite, increases in the distance 
between the atomic planes of a single crystal by water molecules 
entering the crystal structure. This is the reason for the great 
swelling power of some bentonites. 

The finer grained clays generally have high dry strengths, but 
other factors such as adsorbed ions and organic matter are 
important. As yet,, we have little explanation of "the forces hold- 
ing the particles together in a dry clay. This is a field for inter- 
esting research. 

The/tfTlor of clay is of no great importance in refractories 
jfacture, except as an indication of impurities. 

kaolin (0H) 4 Al2(Si;0 5 ). — Pure kaolin has a fusion point of 
1785°C. (3245°F.), although this may drop a few degrees if any 
impurities are present. The residual or true kaolin occurs in many 
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localities in rather small deposits in the southeastern United 
States. There are also a few deposits in Vermont and Massa- 
chusetts. The most workable deposits are the sedimentary 
or plastic kaolins, which are rather widely distributed in this 
country in the southeastern states where the beds are of great 
extent, averaging from about 15 to 30 ft. in thickness with about 
the same thickness of overburden. The kaolin is usually mined 
by stripping off the overburden and taking out the clay by hand 
or with a power shovel. There are considerable deposits' of 
kaolin in England, which are mined as English china clay. 
Excellent deposits also occur in Czechoslovakia and Germany. 
Typical analyses of some kaolins are given in Table 18, and 
deposits are shown on the maps of Figs. 45 and 47. 

Table 18. — Analyses op Typical Kaolins 


Constituent 

Georgia 

kaolin 

per 

cent (212<1) 

English 
| china clay 
(washed), 
per cent 

Vermont 

residual 

kaolin, 

per 

cent c ' 22) 

North 
Carolina 
kaolin 
(washed), 
per cent 

Silica, Si0 2 

45.8 

48.3 

58.0 

45.8 

Alumina, AhOs 

38.5 

37.6 

26.9 

36.5 

Titanium oxide, Ti0 2 . 

1.4 


1.4 

0.0 

Ferric oxide, Fe 2 0 3 

0.7 

0.5 

1.5 

1.4 

Calcium oxide, CaO 

... | Trace 

0.1 

0.4> 

0.5 

Magnesium oxide, MgO 

Trace 


0 . 9 $; 

Alkalies 


1.6 

2.2 

0.3 

Combined water 

13.6 

12.0 


13.4 

Total 

100.0 

100.1 

100.2 

97.. 9 


Vj Clays and Minerals Related to Kaolin . — There are a number of 
hydrated aluminum silicates of the kaolin group, most of which 
are rare. 

Halloysite, (OH^VbCSiaOs), occurs as a fine-grained, soapy 
white clay. This mineral has often been confused with fine- 
grained kaolinite but can be distinguished by its thermal curve. (75) 
A typical analysis is shown in Table 19. 

Allophane, or indianaite, is a waxy white clay found in Indiana 
and Kentucky with the composition shown in Table 19. It is so 
fine grained as to be amorphous. 
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Several other members of the kaolinite group of rare occurrence 
are mentioned in the tables at the end of the chapter. 

Table 19. — Analyses op Minerals Related to Kaolinite 


Constituent 

North 

Allopliane 

Allophane 

halloysite, 

I, per 

II, per 


per cent 

cent C212w > 

cent (212tt;) 

Silica, SiOa 

44.3 

43.3 

32 

Alumina, AI 2 O 3 

37.4 

39.9 

46. 

Ferric oxide, Fe 2 Os. . 

0.4 


0. 

Lime, CaO 

0.2 

0.7 

0. 

Magnesia, MgO 

0.1 


0.5 

Alkalies 

0.2 

0.6 


Water of constitution 

15.1 

15.5 

19.4 

Total 

97.7 

100.0 

100.0 


Table 20. — Analyses of Ball Clays 

Constituent Mayfield Ky., Tennessee, 

per cent (212a) per cent 


Silica, Si0 2 

56.4 

46.9 

Alumina, A1 2 0 3 

30.0 

33.2 

Ferric oxide, Fe 2 0 3 . . 


2. 1 

Lime, CaO 

0 . 4 1 

\ 0.8 

Magnesia, MgO 

Trace ! 

Potash, K 2 0 

3. 3j 

* 0.7 

> 

Soda, Na 2 0 

Titanium oxide, TiO 

2 . 0 j 

Water (combined) -. . . 

7.9 

16.5 

Total 

100.0 

100.2 


Ball Clays . — Ball clays are distinguished by their fine grain, 
lignite content, and high plasticity but are not usually so refrac- 
tory as kaolins, the fusion point being around 1675°C. ( 3050 °F.). 
They are sometimes used in refractories as a bond for harder and 
less plastic clays, but their greatest use is in whiteware. The 
analyses of two typical ball clays are given in Table 20. They 
are found almost exclusively in Kentucky anch Tennessee as 
showmhnFig. 45. 

\Fjreclays . — The so-called “ fireclays” include nearly all clays 
that have a fusion point above approximately 1600°C. (2912°F.) 
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and are not white burning. Fireclays are widely distributed and 
vary greatly in their characteristics. They may be roughly 
divided into the following types: flint clays, which (owing to 
great pressure encountered since they were deposited) are com- 
pressed into a hard, rocklike mass and require fine grinding to 
develop plasticity; plastic clays, which are soft and easily tem- 
pered into a plastic mass; and refractory shales, which can usually 
be made directly into brick without the addition of bonding clay. 

Table 21. — Analyses of Fireclays 
(Analyses by Downs Shaaf ct2a) ) 



j Plastic, 

] Law- 
rence, 
Ohio 

Flint, 

Cam- 

bria, 

Pa. 

Flint, 

Carter, 

K.v. 

Soini- 

fiint, 

Jackson, 

Ohio 

Semi- 

flint, 

, Clear- 
field, Pa. 

Plastic, 

Vinton, 

Ohio 

| Flint, 

| Mont- 
gomery, 
Mo. 

Si02 

58.10 

44.43 

44 . 78 

50.32 

43 . 04 

46.72 

44 . 04 

A1A 

23.11 

37.10 

35.11 

31.53 

36 . 49 

33.06 

38.03 

Fe 2 03 

1.73 

0.46 

1.18 

' L . 02 

1.37 

0.68 

0.63 

FeO 

0.68 

0.55 

0.74 

0.35 

0.83 

0.. 55 

0.22 

FeSs 

0.55 

0.22 

0. 14 

0. 12 

0.24 

0.34 

0.01 

MgO 

1.01 

0.19 

0 . 55 

0. 18 

0.54 

0. 19 

0. 12 

CaO 

0.79 

0.60 

0.77 

0.80 j 

0.74 

0.61 

0 . 40 

Na*0 

0.34 j 

0.10 

0.29 

0.07 

0.46 

0.42 

0.10 

K s 0 

1.90 1 

0.55 

0.44 

0 . 05 

1 . 10 

1.53 

0.22 

H*0- 

2.27 

0.80 

0.84 

2.47 

0.82 

2.21 

0.78 

h 2 o+ 

7.95 

12.95 

13.07 

11.25 

12.44 

11.50 

13.55 

00 2 

0.05 

0.11 

0.07 

0.14 

0.05 

0.02 

0.04 

Ti0 2 

1.40 

1.84 

.2.22 

1 .45 

1 .79 

2.20 

1.82 

P*0 S 

0.17 

0.21 

0.02 

0.48 

0. 10 

0.12 

' 0.28 * 

SO, 

0.03 

0.01 

0.01 

0.01 

0.01 

0.01 

0.01 

MnO 

0.01 

0.01 

0.02 

0.02 

0.01 

0.01 

0.01 

Zr0 2 , 

0.01 

0.01 

0.01 

0.01 

0.01 

0.01 

0.01 

Org. C 

0.22 

0. 10 

0.11 

0.07 

0.22 

0 . 04 

0.01 

Org. H 

0.03 




0.03 


Analyses of a number of types of fireclays are given in Table 21, 
and the distribution in the United States on the map of Fig. 4s! 

Super-duty fireclay brick are usually made from pure Missouri 
fat days with approximately the composition in Table 21. 
they have a low porosity and show little or no reheat shrinkage. 
, 2 ' Cla fS and Minerals High in Alumina: Hydrated Alumina. 
»m.e of the most important refractory materials are those con- 
auunK ^ le raineral diaspore, usually occuring with kaolinite in 
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and are not white burning*. Fireclays are widely distributed and 
vary greatly in their characteristics. They may be roughly 
divided into the following types: flint clays, which (owing to 
great pressure encountered since they were deposited) are com- 
pressed into a hard, rocklike mass and require fine grinding to 
develop plasticity; plastic clays, which are soft and easily tem- 
pered into a plastic mass ; and refractory shales, which can usually 
be made directly into brick without the addition of bonding clay. 


Table 21. — Analyses of F irk cl, ays 
(Analyses by Downs Shaaf <42,t) ) 



Plastic, 

Law- 

rence, 

Ohio 

Flint, 

Cam- 

bria, 

Pa. 

Flint, 

Carter, 

Ky. 

Semi- 
flint, 
Jackson , 
Oh io 

Semi- 
flint, 
Clear- 
field, Pa. 

PI as tie, 
Vinton, 
Ohio 

Flint, 

Mont- 

gomery, 

Mo. 

Si0 2 

58.10 

44.43 

44 . 78 

50 . 32 

43.04 

46 . 72 

44.04 

AliCh 

23. 11 

37. 10 

35.11 

31 .53 

36 . 49 

33.06 

38.03 

Fe 2 C>3 

1.73 

0.46 

1.18 

• 1.02 

1.37 

0.68 

0.63 

FeO 

0.68 

0.55 

0.74 j 

0.35 

0.83 

0„. 55 

0.22 

FeSa 

0.55 

0.22 

0. 14 

0.12 

0.24 

0.34 

0.01 

MgO 

1.01 

0. 19 

0 . 55 

0.18 

0.54 

0.19 

0. 12 

CaO 

0.79 

0.60 

0.77 

0.80 

0.74 

0.61 

0 . 40 

Xa 2 0 

0.34 

0.10 

0.29 

0.07 

0.46 

0.42 

0.10 

KaO 

1.90 

0.55 

0.44 

0.05 

1 . 10 

1 . 53 

0.22 

H 2 0- 

2.27 

0.80 

0.84 

2.47 

0.82 

2.21 

0.78 

h 2 o+ 

7.95 

12.95 

13.07 

11.25 

12.44 

1 1 . 50 

13.55 

00 2 

0.05 

0. 11 

0.07 

0.14 

0 . 05 

0.02 

0.04 

Ti0 2 

1.40 

1.S4 

.2 . 22 

1 . 45 

1.79 

2.20 

1.82 

P*0, 

0.17 

0.21 

0.02 

0.48 

0. 10 

0.12 

' 0.28 

S0 3 

0.03 

0.01 

0.01 

0.01 

0.01 

0.01 

0.01 

MnO 

0.01 

0.01 

0.02 

0.02 

0.01 

0.01. 

0.01 

Zr0 2 

0.01 

0.01 

O.OL 

0.01 

0.01 

0.01 

0.01 

Org. C 

0.22 

0. 10 

0.11 

0.07 

0.22 

0.04 

0.01 

Org. H 

0.03 




0.03 




Analyses of a number of types of fireclays are given in Table 21 , 
and the distribution in the United States on the map of Fig. 45. 

Super-duty fireclay brick are usually made from pure Missouri 
flint clays with approximately the composition in Table 21. 
They have a low porosity and show little or no reheat shrinkage. 

2. Clays and Minerals High in Alumina: Hydrated Alumina. 
Some of the most important refractory materials are those con- 
taining the mineral diaspore, usually occuring with kaolinite in 
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rving proportions. The clays 



about mie-fourth natural size. 

Jana (Fife. 40). contain almo 
v< i*r< >m the South have more 


vary from nearly pure diaspora 
to mixtures containing nearly 
all kaolinite. Most of them 
occur in Missouri, although 
there are a few other minor 
locations. From these clays 
are made the high alumina 
brick having alumina contents 
of 50, 60, 70, and 80 per cent 
according to the classification. 
They may also have some co- 
rundum added. 

There are other high-alumina 
clays containing gibbsite or 
mixtures of gibbsite and kao- 
linite. The purer materials, 
such as those from Dutch 
all gibbsite, but the aluminous 
v less kaolinite mixed with them. 


Table 22. — High-alumina Clays 


Clay 

Dutch 

Guiana 

gibbsite 

First- 
grade 
diaspore, 
Mo. i 

Bauxite, 

Ga. 

Burley, 

Flint, 

Mo. 

Second- 

grade 

diaspore, 

Mo. 


Chemical Analyses 




4.5 

10.9 

26.0 

33.8 

29.2 


58.4 

s 72.4 

54.0 

49.4 

•53.3 

Titanium oxi;!**. . . 

2.9 

; 3.2 

2.1 

2.6 

2.7 

Iron oxide 

3.2 

1.1 

1.0 

1.8 

1.9 

JLimo 

0.4 

j 




Masuv-du 

Alka-ios 






C> ariosi writ or 

30.6 

13.5 

16.1 

12.0 

12.0 

Total . . . . 

300.0 

101.1 

99.2 

99.6 

. 99.1 

Thermal Analyses 

Kaolinite 

6 

None 

67 

71 

18 

.Dias pore 

6 

90 

1 Xone 

26 

53 

(hhhsife . . . 

88 

Xone 

38 

1 

Xone 

None 
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Fig. 47.— Important deposits of refractory materials in the world, (i Copyright , American Map Company , Inc., Aft 

York, No. 10,074.) 
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The term “bauxite” is used here for clays containing a mixture 
inainiv of kaolinite and gibbsite. The bauxitic clays have not 
been used for refractories to any extent because of their less 

favorable shrinkage properties. , . , _ 

The locations of the principal deposits of high-ammma clays 
are shown in Figs. 45 and 47. Both the chemical and mineral 



Fig. 48. — Thin section of sillimanite. (250 X) 


analyses of some typical high-alumina clays are shown in Table 
22. The thermal method is particularly valuable in studying 
these clays because it readily distinguishes between diaspore and 

gibbsite. 

Types of Minerals . — There are a number of minerals 
having a composition SiOa-AUOa, which gives a silica content of 
37 per cent and an alumina content of 63 per cent. Sillimanite 
occurs in a number of small deposits in this country, but the 
largest source of simply is in Indi^. Andalusite has a different 
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crystal form from sillimanite and is found in small deposits in 
California and in considerable quantities in Spain. Kyanite 
occurs in Switzerland, in some of the Southern states, and on the 
West Coast of the United States. All these minerals are decom- 
posed to mullite and silica on heating above 1555°C. (283 1°F.) 



Fig. 49. — Thin section of andalusi+.e; 250 X, with crossed Nlcol prisms and 

gypsum plate. 


when pure and at a lower temperature when fluxes are present. 
These materials are being used to a considerable extent as refrac- 
tories at the present time. The great problem is to concentrate 
the ore efficiently and at the same time provide fairly coarse 
grains. Thin sections of these minerals are shown in Figs. 48 to 
50. 

Topaz . — This mineral has been found in India in some quan tity , 
but recently an important deposit has been dlscover ed in South 
Carolina, Cl32rt) Topaz has the composition Al 2 Si 04 (F 7 0 H ) 2 and 
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thus will readily transform to mullite on firing, hence offering 
attractive possibilities as a raw material. 

Pyrophyllite . — This talclike mineral is found in a number of 
deposits in the South and has been used in some refractories in 



Fn*. oO. — Thin section of kyanite ore. The large crystal on the left border is 
kyniute which shows pronounced cleavage and numerous inclusions. The rest 
« •* the held shows a grain of stauralite, three smaller garnet crystals with musco- 
vite, hiotite. quartz, feldspar, and magnetite; 40 X, with ordinary transmitted 

plane of clay. Its formula of (OEQaAlaCS^Og^ does not give so 
high, an alumina content as kaolin. However, it has been success- 
ful in some cements and plastics. (12S) 

F 'arms of Alumina. — Alumina occurs in a number of forms. 
'The a-akimlna is identical with the natural mineral corundum, 
which is a trigonal crystal with a specific gravity of 4.0. This 
mineral apparently is very stable and is almost always produced 
P ern moling fusions, y-alumiiia is hexagonal but has a spinellike 
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structure and a specific gravity of 3.31 and is generally formed 
by the heating of hydrous alumina materials such as kaolin or 
fribbsite. At higher temperatures, it slowly inverts to the 
-form. An isometric form of alumina has been described having 
a specific gravity of 3.47 and is found in some quickly cooled 



Ito. 51. — Thin section showing appearance of corundum crystals formed in the 
electric furnace; SOX, with crossed Nicol prisms. 

melts. Apparently this form is not found to any extent in 
refractories. 

The so-called “ ^-alumina ” has been found by Bee vers and 
Ross to be not a form of alumina but a compound consisting of 
11 molecules of A1 2 0 3 and 1 molecule of soda or potash. A 
“T-alumina” has been described as occurring only in melts con- 
taining lithium. Probably this is similar to the /3-alumina, being 
a compound of lithium oxide and alumina. 

Corundum. — Corundum, or emery, AI 2 O 3 , is found in many 
small deposits, the most important being in Asia Minor, South 
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Africa, Gix^ce, Ontario, and Xorth Carolina. It lias not been 
used to any extent for a refractory but ..would seem to be a 
material worth more investigation. A thin section of 
artificial corundum is shown in . Fig. 51. Crystalline alumina 
made in electric furnaces is used to a considerable extent as a 
refractory. 

3. Silica Minerals- Ganister . — The most commonly used silica 
mineral for refractories is ganister, a common name for true 
quartzite. Not all quartzites are suitable for making refrac- 
tories. as they must be of high purity and have good mechanical 
strength. The principal deposits of ganister in this country are 
the Medina sandstone of Pennsylvania; the Baraboo quartzite 
of the Devil's Lake region, Wisconsin; and the quartzites of 
Alabama and Colorado. A quartzite is usually mined from the 
bodies of talus or slide rock occurring on the mountain slopes. A 
few typical analyses of quartzites are given in the following table, 
and a thin section is shown in Fig. 52. 

Table 23. — Analyses of Quartzites 


Constituent 

Medina 
quartzite, 
per cent* 141 

i Baraboo 
i quartzite, 

‘ per cental) 

Alabama 
quartzite, 
per cent <141 ^ 

Sharon 

oonglomer- 

ate^ 153 ^ 

Silica., SiOs 

97. S 

! 9S.2 

97.7 

98.0 

Alumina. ALO-, 

0.9 

j 1-1 

1.0 

0.9 

Ferric oxide, Fe»Or. . . . 

.... 0.9 

' 0.2 

0.8 

0.9 

Lime. OaO 

0.1 

1 0.0 

0.1 

0.3 

Magnesia, MgO . 

. . . . 0.2 

i Trace 

0.3 

Trace 

Alkalies, KAO. Xa»0 . . 

0.4 

i 01 

0.3 

0.2 

Total 

. . 100.3 

99.5 

100.2 

100.3 


The fusion point of quartzite 1 15 is very close to 1700°C. 

4000 I . i ; and, like mullite, it shows little softening' below its 
melting point, this is its chief value when used as a refractory, 
as it retains its resistance to load at higher temperatures than 
fireclay materials. Owing, however, to their high thermal 
expansion, silica materials are very sensitive to temperature 
i hanger* ^ the low-temperature ranges. Most silica refractories 
are made in the form of bricks or special shapes, but some ganister 
is used in rammed furnace bottoms. 
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Fig. 52. Thin section of quartzite. The light, and dark areas in this photo- 
iiicrograph show quartz grains at different orientation with respect to the plane 
if polarization of the Nicol prisms; 80 X, with crossed Nicol prisms. 


Table 24. — Analyses of Diatom ace otjs Earths 


Constituent 

Oberholo, 

Germany, 

California, 


per cent 

per cent 

Silica (SiOs) 

87.9 

85.3 

Alumina (Al 2 Os) 

0.1 

5.4 

Ferric oxide (Fe*>0 3 ) 

0.7 

1.1 

Calcium carbonate (CaOO*) 

0.7 

1.1 

Organic matter 

2.3 


Water 

8.4 

5.6 

Total 

100.1 

98.5 
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Fir extant — Natural stone refractories are still used to some 
•stent." tiiev consist of an easily cut sandstone »?• 15s > or a 
lira schist. In either case, the stone must have a certain flexi- 
,ijj{ V of structure to reduce the tendency to spall. Firestone is 
at her wide in occurrence, working deposits being found in 
Vnnsvlvaiiia. Tennessee, Ohio, and several other states. 



Fig. 58, — -Photomicrograph of a single diatom, showing fine cell structure. 
’h:s ’structure is the reason for the excellent heat insulating properties which 
lutoEuaceous earth possesses; 800 X, with ordinary transmitted light. 


Sami . — A small amount of beach sand is used for furnace 
ot Tonis, as, for example, in the hearth of malleable-iron melting 
irnaeox. but the volume used is very small compared with the 
eiYaetories made from quartzite. 

Diatom a tea u » Earth. — Another type of siliceous mineral, used 
lainlv as a heat insulator, is diatomaceous earth (infusorial 
arth or kieselguhr), a widely distributed material. It is com- 
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£ 0 f the skeletons of diatoms, which are microscopic organ- . 
bins 53 ). The desirable characteristics of this material 
are its closed cells and high porosity, which gives a low density 
and a low thermal conductivity. Analyses of two typical sam- 
ples of infusorial earth are given in Table 24. 

4. Magnesite and Lime. — Magnesite refractories are of great 
importance in the metallurgy of steel and nonferrous metals, 
as they are used almost exclusively for the part of the furnace 
that comes in contact with the molten metal and slag, a large 
volume being used in the bottoms of the basic open-hearth 
furnaces in the form of lumps and brick. 

Magnesite. — Magnesite occurs in nature as the carbonate; and 
two types have generally been recognized, the crystalline and the 
dense, the latter usually being of greater purity. The crystalline 
material is found in considerable quantity in Austria, Russia, 
Mandril kuo, Quebec, and the state of Washington. Figures 
45 and 47 show the important deposits. The Austrian material 
usually runs rather high in iron and has been in great demand for 
metallui'gicai work because it will frit together into a solid mass 
at available temperatures. The magnesite from Quebec runs 
higher in lime. The Washington magnesite occurs in large 
quantities and is relatively pure. 


T \bt.k 25 


Constituent 

Austrian 

Austrian 

Munch Ti- 
le no 

Washing- 

ton 

! 

Greece 1 

California 
sea water 

Si0 2 

5 . 8 

1.0 

3.7 

4.9 

.66 

5.X 

AI*O a 

Fe 2 0 2 

1.7 

4.0 

1.0 

6.9 

1 . 0 
1.5 

1.5i 

3.4-J 

4.4 

0.5 

0.2 

CaO 

5.0 

2. 1 

1 . 6 

2.8 

2.4 

1.8 

MgO 

83.0 

88.6 

92.0 

87.1 

86.4 

91.7 

Ignition loss 

0.2 

0.3 

0 . 1 

0.1 

0.2 

0.3 

Total 

99.7 

99 .9 

99. 9 

’ 99 .8 

100.0 

99.6 


The dense type of magnesite usually occurs in veins and lenses, 
the most important deposits being found on the island of Euboea 
off the coast of Greece. The purity of this deposit, if carefully 
selected, is high, running between 94 and 98 per cent magnesium 
carbonate. Several California deposits have been operating for 
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a number of years and give a pure material. Magnesite from 
sea water in California is now assuming importance. 

Several analyses of burned magnesite are given in Table 25 
and a thin section is shown in Fig. 54. 

Magnesite is produced as caustic-burned and dead-burned 
material. The latter is used for refractories and is fired at 1550 



.5 K i: rH' X J UI ! ser ' tlon of crystalline- magnesite. This section shows tl 
ig i re lei and cleavage which this mineral possesses; SOX, with crossed Nie 


to 1750°C. (2820 to 3180°F.) to drive .off practically all the CO, 
and form crystals of periclu.se. Magnesite can be fused in the 
electric furnace and, on cooling slowly, forms relatively large 

penelase crystals. 

Dolomite. Dolomite is a solid solution of calcium and magne- 
sium carbonate and. when pure, has an equal number of molecules 
<d both, although all ratios occur in nature. Dolomites are very 
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widely distributed. They have been used to some extent to 
replace magnesite in open-hearth bottoms but, 'because of their 
slaking properties, are not so good as ■ magnesite. Although 
many experiments have been made on the production, of a success- 


Fig. 55. This photomicrograph is a thin section of chromite with some ser- 
pentine associated with it. The chromite is the darker-colored areas, which 
show very irregular cleavage. Chromite is nearly opaque, and the thin section 
must be very thin to render it transparent; 250 diameters and wave plate to give 
second order green, and photographed through a “ B” Wratton filter (deep red). 

ful dolomite brick, as yet all the difficulties have not been 
overcome. 

Lime. 'Lime, next to magnesite, is believed to be the most 
refractory commercial oxide and is very widely distributed in 
deposits of great purity. However, little success has been had 
with, this material as a, refractory, for it slakes readily in both 
air aad water, However, if lime is heated to 1800°C. (3270°F.) 
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in mii oxidizing atmosphere, it may be crystallized and in this 
form has a considerable resistance to slaking. 

Olit'ih*, Mg-SiOs— This magnesium silicate usually has 5 
to 8 per control* the MgO replaced by FeO in the theoretical 
formula. By mixing with the correct amount of magnesite, 
thb material' has been used in the last few years to make forsterite 
refractories. Olivine deposits are widespread, but excellent 
material occurs in the dunite rock of is orth Carolina. 

5. Chromite. — The principal mineral in commercial chrome 
ore h chromite, with the formula Cr 2 Fe0 4 . When pure, it 
contain- 32 per cent iron oxide and 68 per cent chromic oxide, but 
the commercial ores contain at best only 50 per cent chromic oxide 
and often run as low as 30 per cent. This mineral is a spinel, 
and part of the iron and chromic oxide are replaced by either 
manned a or alumina; accordingly the ore may vary quite widely 
in analysis and yet maintain its refractory properties. The ore 
cannot alway- be cheaply concentrated; but, as it ordinarily has 
a fusion point above 1930°C. (3510°F.), the raw ore is usually 
satisfactory. Great improvements have been made in some ore 
by adding magnesia, which combines with the silica to form 
forsterite.' lsio A thin section of chromite is showft in Fig. 55 . 


Table 26 


O cri-t it ucnt 

T urkev 

Rhode- 

sia 

Philip- 

pines 

i New 

i Caledonia 

Russia 

Cuba 

i r _O a 

46.0 

45.4 

32.1 

! 54 . 5 

46.2 J 

30.5 

SiUu 

6.7 

7.5 

5.3 

3.1 

4.0 

6.1 

ALO„ 

32.5 

13. S 

27.6 

| ii.o 

14.6 | 

27.5 

FcO 

12.9 

15.3 

13.0 

j 19.5 

15.6 S 

14.2 

< AO 

1.2 

0.5 

: 1.1 

1.5 

0.3 ! 

0.9 

Mir ij 

17.3 

13.6 

18.2 

i 8.0 

15.4 

18.3 

Tern! 

' 97.2 

95.9 

97.3 

97.6 

1 96.1 j 

97.5 


The largest supplies of chrome ore come from Rhodesia and 
Now Caledonia. There are, however, considerable deposits in 
Turkey, Cuba, the Philippines, .Russia, and Greece and small 
deposits in Canada, California, Oregon, and Alaska. The 
analyses of several chrome ores are given in Table 26. 
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6. Less Common Refractory Oxides. Zirconia . — The most 
available minerals for refractories belonging to this class are 
zircite and baddeleyite, with the formula ZrO a . They are found 
ia deposits of considerable extent in Brazil and also Ceylon, with- 
some other closely allied zirconium minerals. The amount of 
Zirconia present is between 60 and 80 per cent. Pure, electrically 
fused zirconia has a constant volume and is capable of withstand- 
ing very high temperatures. An analysis of a Brazilian badde- 
leyite is given below. 

Table 27. — Analyses of Zirconium Minerals 


Constituent 

Baddeleyite, 

Zircon, 


per cent 

per cent 

Ferric oxide, Fei>0 3 . . . . 

1.6 

0.1 

Alumina, AI 2 O 3 

7.8 

1.4 

Lime, CaO 

0.0 


Silica, Si0 2 

27.3 

40.4 

Zirconium oxide, Zr0 2 . 

60.4 

51.6 

Undetermined 

2.9 

6 . 5 

Total 

100.0 

100.0 


, Zircon . — Zircon, with the formula ZrSi0. t , is widely distributed, 
being found in India, Madagascar, and New South Wales. It is 
rSo plenum! in some of the beach sands of Florida, where it can 
be concentrated to 60 or 80 per cent of zirconium silicate. It 
occurs in the form of fine white sand. The analysis of a typical 
zircon sand is given in Table 27. 

The zircon minerals have been used to a limited extent as 
bricks. Zirconia crucibles are rather extensively used in the 
laboratory for special melts. 

Thoria . — Thoria is a rare refractory oxide. It occurs in the 
monazite sands of the southern United States. At present it is 
too rare for general refractory use but has been used for laboratory 
crucibles of great refractoriness. 

Ceria . — Ceria is another refractory oxide from the same source 
as thoria but is also too rare for general use at present. 

7. Silicon Carbide. — Silicon carbide is a synthetic crystalline 
mineral made in the -electric furnace at temperatures between 
1780°C. (3236°F.) and V 2200°C. (3992°F.) from sand and coke. 
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CHAPTER VI 


THE MINING AND PRELIMINARY TREATMENT OF 
REFRACTORY MATERIALS 

1. fining of Clays. pen-pit Methods . — Many refractory 
days are mined by open-pit methods. Usually the bed of clay 
is covered by an overburden of gravel or earth which may run 
as thick as 10 to 20 ft. If the thickness of overburden is much 
greater than 20 ft., it is seldom economical to mine a low-cost 
day by this method. 

The first process consists in stripping off the overburden in the 
most economical manner. In small workings, where the over- 
burden is thin, this is done by horse-drawn scrapers ; but in larger 
operations the overburden is stripped with power shovels. In 
other workings, it is found economical to strip the overburden 
with dragline scrapers with a capacity of Vj to 4 cu. yd. This 
type of scraper is very flexible and can be made to cover a large 
area by using a movable cable anchor. Lines as long as 500 ft. 
are used; and with a 1 cu. yd. bucket, 20 to 75 cu. yd. per hr. can 
be moved, depending upon the length of the haul. A typical 
dragline installation stripping the overburden from a kaolin 
deposit is shown in Fig. 57. 

There are a few locations where water is available in large 
enough quantities and the draining conditions are sufficiently 
good to make hydraulic stripping economical. 

The method of removing the clay itself varies with the con- 
ditions. If the clay is fairly soft, the face may be broken with 
picks or bars and the broken material loaded by hand into carts 
or cars, as illustrated in Fig. 58. In the larger plants, however, 
this method is not economical, and power shovels' are generally 
used, as shown in Fig. 59. The shovel capacity varies from 
to 2 cu. yd. The larger shovels are chosen not only for their 
greater capacity but also for their greater strength and longer 
reach. Caterpillar treads are almost universally used. A 1 cu. 
yd. shovel will load, under good conditions, 500 tons of clay in an 
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Recently, lighter and more agile shovels are being 



Fia 57 tvpioal drag-line installation. Stripping the overburden from a 
F * kaolin deposit. ( Courtesy of Sauerman Brothers, Inc .) 








Fig. 58. — Breaking up and loading clay into cars by hand. 

The softer clays can be taken out with dragline scrapers or 
bucket excavators. Occasionally wheel scrapers and rotary 
ditchers are used. 
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Provided the clay is not too hard and yet is firm enough to hold 
a permanent face, as in the case of many shales, it has been 
found economical to remove the materials by a planer, which is 



Fig. 59. — Removing clay with a power shovel. ( Courtesy of Koehring Company.) 





Fig. 60 . — Removing clay with a planer. ( Courtesy of Eagle Iron Works.) 

an endless chain with cutting knives working vertically on the 
whole face as shown in Fig. 60. This machine has the advantage 
of removing the material in small pieces and of giving a good 
average composition by taking the material from the whole face. 
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r fhe cost of removing the material with a machine of this type is 
comparativelv low, as one man can usually operate it and obtain 
a production of 200 to 400 tons a day. 

In Europe, the endless-chain excavator working from the top 
of the* bank 'is often used. Although the initial investment is 
large, the low labor and maintenance cost justifies it on large 
nitrations. One man can remove 100 tons per hour with an 
average-sized machine. 



Fig. til. — A large fireclay pit. ( Courtesy of A. P. Green Fire Brick Company.) 


In the ease of hard clay, it is generally necessary to drill and 
blast the face in order to obtain small enough pieces to be readily 
handled. The drilling is done in the smaller pits with hand 
drills of 1 to 1 1 2 in. in diameter. In the larger mines, however, 
electric and air drills are used. Recently, portable well drills have 
been used to a considerable extent to drill deep holes behind the 
working face so that larger and deeper charges of explosives can 
be set off. These drills will produce holes from 3 to 5 }^ h 1 - in 
diameter, which will allow the use of a considerable quantity of 
explosive. 

When the clay has been loosened from the face, it is loaded 
into cans or trucks by hand or power shovels. A large fireclay pit 

is shown in Fig. 61. 
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aground Methods . — When the clay deposit is too deep for 
stripping? underground mining is used. Most of the productive 
clay veins are from 5 to 15 ft. thick. The room-and-pillar 
method is generally used, with advance from the entrance, 
which consists of cutting a mine entry and advancing galleries 
from that out to the edge of the property. This method has 
the advantage of not requiring extensive entry development 
when the mine is started; but it is not so economical as the 
retreating method, which consists of cutting an entry to the 
boundary line and then starting the galleries at the farther end. 
Work is then carried toward the entrance. The pillars can be 
drawn only where the subsidence of the ground is unimportant. 
Whenever underground mining is used, it is important to plan 
out the workings carefully and have a systematic method before 
starting to mine. 

Practically all underground clay is taken out by drilling and 
blasting. Hand, electric, or pneumatic drills are used, and the 
lumps of clay are loaded on the car by hand or, in more modern 
mines, by car loaders. 

The same factors of economical mining apply to clay mines 
as to other mines. In the first place, drainage must be well 
cared for, as muddy floors and tracks increase the haulage costs 
as well as make the timbering difficult. Next, the timbering 
should be well-done with generous posts. The tracks should also 
be graded and kept in good condition, as the haulage cost mounts 
up when dirty, poorly laid tracks are used. 

Clay is usually transferred to the plant on rails with dump cars 
ranging in capacity from to 6 cu. yd. (Fig. 62). The cars are 
propelled by steam, oil, or gasoline locomotives or sometimes by 
cable haulage. In a few cases where the distance from the mines 
to the plant is considerable and the country is rough, it has been 
found economical to transfer the clay by aerial cableways. 
Trucks are coming into more general use than formerly. 

It is hard to give any definite figures on the cost of mining clay; 
but in general, clay can be loaded on cars or trucks from the open 
pit under the best conditions for 50 cents a ton. Where the 
overburden is heavy or where hand selection is used, the cost may 
run as high as $1 per ton at the plant. In the case of special 
high-grade clays, the cost may run even higher. It may be said, 
however, that a great number of plants are getting out their* 
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refractory clays for around 50 cents per ton. In underground 
mining, the cost varies according to the thickness of the vein, 
the hardness of the clay, the amount of timbering required, and 
the dist ain't* to the plant— -the variation in most cases being from 
81.50 to $2.50 per ton on cars. It may be mentioned that in 
many of the underground clay mines, coal is obtained at the same 
time as clay, which, of course, reduces the total cost considerably. 


JT 


t >ii. — Dump car for transferring clay to the plant. ( Courtesy of Koppel 
Industrial Car and Equipment Company.) 

2. The Mining of Ganister. — "Since the mining of ganister is 
rather different from clay mining, it will be described separately.- 
The ganister is usually found in flows of loose rock on the moun- 
tain side,- (Fig. 63). Where the rocks are large, they are broken 
up by mud capping and blasting; in only a few cases is drilling 
necessary. The smaller rocks are broken up by sledges into 
sizes that can be lifted by hand. The broken rock is loaded 
113 to dump cars by hand, as some sorting is necessary. One man 
will load from 15 to 20 tons of rock a day. 

The dump cars are trammed either by hand or by locomotive, 
as the case may be, to a gravity plane and dumped into cars to be 
lowered down the plane. In a few cases, ganister is carried long 
distances by railroad to reach the plant. v 

In some localities, the ganister is obtained from bedrock, 
because the flows have been used up or because the rock is more 
uniform. The ledge rock, however, is usually not thought to be 
so satisfactory as the flow rock, because the soluble constituents 
have not been leached out by weathering. Others claim that 
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bedrock gives superior bricks. Regular quarrying methods are 
used in removing this rock from the hillside. ^ This material will 
cost 75 cents to $1.50 a ton on cars. 




Fig. 64. — A roll crusher. ( Courtesy of W. A. Riddel Company.) 


- 3. Preliminary Crushing. — Practically all clay must be 
crushed before it is taken to the tempering and brickmaking 
machinery. The softer lump clays are usually passed through 
single or double roll crushers, which rapidly break down the lumps 
to sizes small enough for wet pans or pug mills. The wear and 





■rusher. (.From C. E. Locke.) 
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tear on rolls of this type is very small, so the cost of breaking up 
the softer types of clays is not great.. 

. Jaw or gyratory crushers are usually used for the harder clays, 
rocks, and grog. They will crush down to 1 in. with capacities 
0 f y 2 to 500 tons an hour. These crushers cannot be used for the 
softer clays containing moisture because of packing in the jaws. - 
v Roll crushers (Fig. 64) are used for crushing hard materials 
from 1 in. down to 34 or J4 in. For materials like grog, the rolls 



Fig. 67. — Babcock and Wilcox pulverizer. ( Courtesy of Babcock and Wilcox 

Company .) 

should be supplied with tires of manganese steel, as the wear is 
considerable. In order to obtain fine grinding, it is necessary to 
keep the rolls fairly true cylinders, as flanges tend to form on the 
ends and the material will be passed through the center uncrushed. 
Plain rolls should never be used for crushing clays with any 
moisture, because the material builds up on the roils and there 
will be no crushing action. ^ 

Gyratory crushers (Fig.? 65) are often used for crushing magne- 
site and ganister. These crushers have a large capacity but will 
not take such large rocks as jaw crushers, v 
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Dry pan.' (Fig. 06) consist of a heavy revolving bed in a 
horizontal position on which the material is fed; two heavy rolls 
■mullci-O rest on this bed with their own weight, crushing the 
material underneath. The portion of the bed not directly 
under the mullets is usually supplied with screens or slits so that 



Fig. t»S. — Cross section of a ring-roll crusher. ( Courtesy of American Pulverizer 

Company.) 


crushed material can pass through, permitting continuous opera- 
tion. The dry pan is used for grinding flint clay, ganister, and 
burned grog. Wet pans are similar machines with a solid bottom 
so that the mix can be ground wet. 

For finer grinding, it is often desirable to use crushers of the 
B and W, ring-roll, or hammer-mill type;-' as shown in Figs. 67, 
6S, and 69. Machines of these types will pulverize down to 100 
or 150 mesh and can be used for clays with some degree of 
moisture. 

Ball mills are much used for fine grinding. For large produc- 
tion, the continuous type of mill should be selected. The fine 
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material is removed with an air separator, and the oversize is 
automatically returned to the mill. A production of several 
tons per hour of 200-mesh material can be obtained with this 
tvpe of installation. Even when coarser material is required, 
the continuous ball mill is often found suitable. In Fig. 70 is 
*hown a typical closed-circuit, ball-mill installation for continu- 



Fig. 69.- -Cross section of a hammer mill for fine grinding. ( Courtesy of Dixie 
Hammermili Manufacturing Company.) 

ous grinding. -The capacities of some ball mills are shown in 
Table 30. 

4. Screening.— It is usually necessary to screen the materials 
being crushed so that the required product can be passed on to 
the brickmaking machinery and the coarser material returned 
to the crushers. Various types of screens are used. A revolving 
screen or trommel is often used for classifying coarser materials 
(Fig.* 71), and screens of several sizes can be applied to the 
cylinder in order to obtain a product having the desired combina- 
tion of sizes.,/ 
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Another type of screen is the shaking screen operated by a 
cam or eccentric •• Fig. 72). Often several layers of screens of 




various sizes can be superimposed in order to classify a product 
into a number of different sizes. Pulsating screens (Fig.' 73) 
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vibrate in a direction normal to the plane of the screen and for 
some* purposes have less tendency to clog up. The hummer type 
of screen is much used, in which the center is vibrated up and 
down rapidly by electromagnetic means. For screening material 
below fiO mesh, it has been found desirable to use air separators 
rather than screens, and very satisfactory classification devices 
can now he obtained to produce material down to 200 mesh or 
even finer. 


Table 30 
f From G. F. Metz) 


Mat. rial 

Size aud type 

Tons 

p*-r 

hour 

Circuit 

Horse- 

power 

1 

Size of feed 

Fineness 
of product 

Pebble 

load, 

lb. 

Sdiea - dry; 

. 7 X 22 ft. tube 

3 

Closed 

210 

—20 mesh 

98 per cent minus 
200 mesh 

42,000 

ruX.mauite . , . 

3 X 2 ft. conical 

H 

1 Closed 

15 

—34 -in. mesh 

SO per cent minus 
100 mesh 

14,000 

Grog 

. . 5 X 22 ft. conical 

4? 1 

! Closed 

40 

— 13 4-in. mesh 

100 per cent minus 

4 mesh 

6,000 

Feldspar 

7 : _> X 10 ft. cylindri- 
cal 

1.05 

Closed 

! 

85 

— mesh 

| 

90 per cent minus 
325 m^sh 



5. Mineral-dressing Methods. — Many refractory raw materials 
can be purified by simple mineral-dressing methods. As the 
demand for refractories becomes more exacting and our supplies 
of the better raw materials less plentiful, concentration methods 
will be increasingly used. 

Tabling . — Minerals of a different specific gravity from the 
unwanted material with which they are mixed can often be 
efficiently separated by an air or water table. The raw material 
is ground fine enough to unlock the individual grains and then 
passed over an inclined vibrating table which will give a more or 
less clean separation. Although this method has been used in 
the past mainly for the treatment of ore minerals, it has been quite 
successful in the concentration of kyanite^from our North 
Carolina deposits. 

Magnetic Separation . — Powerful magnetic separators are now 
available that will remove all minerals containing even small 
amounts of iron. These include the iron oxides, sulfides, and 
more complex minerals such as garnet, hornblende, and micas. 
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The magnetic method of purification is used quite generally with 
feldspars and other materials for whitewares, but it has not as 
et been used extensively for refractory materials. However, 
there is opportunity of employing it with some refractories, such 
as those used in melting glass or enamel frits. * 

Flotation. — Froth-flotation methods have been developing with 
such rapidity in the last ten years that many separations can now 
be made that would have been thought impossible a few years ago. 
The method, in general, consists in stirring the finely crushed 
mineral in water with a frothing agent, which provides a multi- 
tude of fine bubbles. By selecting the proper agents, it is possi- 
ble to get a selective action of the bubbles so that they adhere 
to certain types of particles and float them to the top of the water 
where they are carried off. Although considerable progress has 
been made by flotation methods in purification of minerals like 
feldspar, little has been done yet on refractory materials, but it 
would seem quite possible that this method would be well adapted 
to the concentration of chrome ores. 

A little laboratory work has been done by flotation methods 
in removing iron minerals from fireclays, but as yet the results 
have not been shown to be economically feasible. Nevertheless, 
there is certainly promise that with further development along 
this line, second-grade clays can be so beneficiated that first-grade 
refractories can be made from them. 

■Chemical Methods . — Chemical methods are too expensive to be 
used with any refractory materials except special types such as 
beryllium minerals/ 19 * 2 0,22; Although chemical bleaching has 
been used to remove iron from some of the ceramic and paper 
clays, the cost would not permit it to be used at present for 
fireclays. - 

Electrostatic Separation . — The electrostatic separator has been 
used to purify both feldspar and kyanite. The method consists in 
separating one type of mineral from another by virtue of the 
different attractive forces in a high-voltage field. This is a dry 
method and should not be particularly expensive except that the 
particles must be fairly fine before treatment. A patent by 
Weis C23) describes a method for removing quartz from kyanite. > " 
6. Storage of Clay. — It is usually necessary to store a certain 
amount of clay to provide for interruptions in mining due to cold 
or rainy weather or holidays. The amount of needed storage 
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depends on the length of shutdown in the mining operation. 
To provide sufficient storage for a large clay plant is rather costly, 
and it is unusual to store more than a few days' supply. 

In many of the ceramic industries, the practice is to weather, 
or age, the (day supply for a considerable length of time to 
develop plasticity and disintegrate the lumps; but in the case of 
refractories, the amount of clay used is so large that this cannot 
be done economically, and only in the case of special high-grade 
clays can ageing be resorted to. 

Some of the high-grade refractory clays must be shipped a con- 
siderable distance by railroad. In these cases, it is desirable to 



dry the clay partially in order to reduce the shipping - weight. 
This can be done by storing in open sheds or racks, where the 
moisture in good weather can be reduced to 5 or 10 per cent, or by 
passing it through a rotary drier. * 

Storage bins are made in various styles. Some are cylindrical 
bins having conical bottoms; others are of a rectangular shape 
with a \ bottom with provision for removing the clay from any 
portion desired (Fig. 74). The clay is usually put in the bin 
with a bucket elevator, but other handling methods such as grab 
buckets are occasionally used. 

W hen crushed materials such as clay or grog are to be stored, 
precautions must be taken to prevent segregation of the material 
in the bin. In nearly all manufacturing processes, it is highly 
desirable to have the crushed materials of a proper and uniform 
sci ecu analysis. JVVhen the material from the crusher falls into 
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the bin, the larger particles roll to the outside and the finer ones 
build up into a central cone. The material drawn from the 
bottom of the bin will contain at first mostly fine and later mostly 
coarse material. This segregation can be minimized by a num- 



Fig. 75. Baffles for the prevention of segregation in bins. 


ber of methods. One consists in moving the point of supply over 
the surface of the bin so that no cone can form. Another con- 
sists in a number of vertical vanes in the bin to prevent the heavy 
particles rolling to the outside of the bin- (Fig. 75). 



In some cases, clay is stored in open pits or on floors, from 
ft ch it is handled usually with a locomotive crane and grab 
bucket or by a dragline scraper. In other cases, the clay is 
stored m sheds, and the handling is done by an overhead crane 
an grab bucket (Fig.r76). This gives a very flexible arrange- 
ment, as the clay can be dropped on to a conveyor to be taken 
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directly to the crushing or mixing machinery- The clay-storage 
-vsteni of a modern refractory plant is shown in Fig. 1 1 . 



r iU. 77. — A modern storage system. ( Courtesy of A. P. Green Fire Brick Com- 
pany.) 
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CHAPTER VII 

MOLDING METHODS 

SJ 1. Workability of Clay. Types of Flow. — Before entering into 
the discussion of workability of elavs, it will be well to review a 
few definitions as adopted by the Society of Rheology. (36ff) 

Fluid: A .substance that undergoes continuous deformation when sub- 
jected to any system of finite shearing stress. 

Solid: A substance that undergoes permanent deformation or rupture only 
when subjected to a system of shearing stresses that exceed a certain mini- 
mum value. 

Simple 1 Newtonian i Liquid: A liquid in which the rate of shear is propor- 
g^tlonal to the shearing stress (for laminar flow). 

Complex Xon-X eivtonian) Liquid: A liquid in which the rate of shear is not 
proportional to the shearing stress (for laminar flow). 

E 'last icti- plastic Solid She Clay- water S ystem ) : A solid that obeys the law 
of an elastic solid for values of the shearing stress below the critical stress 
corresponding to the elastic limit in shear and that deforms plastically when 
the shearing stress exceeds that value. 

Viscosity: In. a simple liquid, the constant ratio of shearing stress to rate 
if shear. 

Plant Pity: That property of a body by virtue of which it retains a fraction 
«»! its deformation after the deforming stress is zero. 

Elasticity: That property of a body by virtue of which it recovers its 
original size and shape after deformation. 

Thixotropy: That property of a body which causes a decrease in shearing 
>t ress with time at a constant rate of shear. 

Rheopeeny: That property of a body which permits agitation to accelerate 
the setting up of a gel. 

Dilatency: That property of a body which causes an increase in shearing 
stress with time at a constant rate of shear. 

Water alone behaves as a simple liquid; but as anisotropic 
particles are added to form a suspension, the behavior of the liquid 
becomes complex owing to the tendency of the particles to orient 
themselves in the direction of the lines of shear. The greater the 
rate of shear the more closely the plates will line up with the 
stream lines and the more closely will the apparent viscosity 
approach that of water.* 41 > It is believed that a suspension of 
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fine spherical particles at low concentrations will behave like a 
simple liquid, but no experimental proof of this has been offered. 

When the concentration of clay reaches a certain value, perhaps 
1 per cent, interference effects will be set up between the par- 
ticles (39) so that a finite force is needed to initiate the flow; in 
other words, we have a gel structure. The finer and more 
elongate the particles the smaller the proportion of solid material 
there is needed to form a gel. In the case of bentonite particles 
of 10 to 20 m is, a gel formation is observed with a concentration 
of only 0.1 per cent (by weight) of solid. C31) The reason for this 
is supposed to be that the small platy particles have a strong 
attraction for the polar water molecule and build around them- 
selves a hull of bound water of considerable size. These hulls are 
probably ellipsoids rather than spheroids and form, on standing, a 
loose network of interfering particles with a finite rigidity. A gel 
of this kind when agitated will break down reversibly and pro- 
duce the condition of thixotropy. It should be remembered that 
whenever a concentration is reached sufficient to require a finite 
stress to initiate motion, the liquid changes to a plastic solid. 
Without exception, plastic solids are two-phase systems: hard 
particles in a softer medium. 

In considering the clay-water system, it is usual to separate it 
into two parts : the slips of low clay content and the plastic masses 
of high clay content. This is done (1) because industrial 
processes utilize these two consistencies in separate ways and (2) 
because the intermediate region between the two is so hard to 
handle that tests are difficult; at the same time, there is every 
reason to believe that there is a continuous change in properties 
with water content over the whole range. In the following 
discussion, the slips will be considered first and then the plastic 
masses. 

Clay Slips . — The variables that influence the properties of a 
clay slip are chiefly 

1. Particle size 

2. Particle shape 

3. Adsorbed ions 

4. Organic matter 

5. Type of clay mineral 

6. Concentration of solid 

7. Type and amount of deflocculent 
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The most Interesting properties of the slip are the specific 
gravity, or solid concentration; the apparent viscosity; and the 
hydrogen-ion concent ration, or pH. 

Figure 78 shows a typical curve of shear rate versus shear 
stress for a kaolin slip. The slip is evidently a plastic solid 
because a finite force is needed to start the flow. We speak of the 

apparent coefficient of viscos- 
ity at any given rate of shear 
€1 as the ratio F x /e x — n , 
where Fi is the shearing stress. 

Figure 79 shows the influ- 
ence of particle size and 
amount of ions added to a slip 
of constant solid content. 
The various-size fractions 
were separated from a kaolin 
with a centrifuge and cleaned. 
Then definite amounts of so- 
dium hydroxide were added in 
milliequivalents per 100 g. of 
dry clay. The enormous re- 
duction in apparent coefficient 

inearna irress yynes/sa.cm. - • , i • ,. 

K.U. 7V .n™ ration, lu kaolin sus- of viscosity on adding sodium 
pens ion. hydroxide is evident in all 

cases. This is tin* principle of deflocculation, which permits fluid 
slip- with low water content. The exact mechanism of defloccu- 
lation l> not clearly understood at present, but it is believed 
that free OH ions over and above those absorbed on the clay are 
required to lower the particle charge and thus minimize the 
attraction forces between the particles, as discussed by Johnson 
and Norton. S5a ' These OH ions can be produced b 3 ^ the ioniza- 
tion of bases like Xa< )H or by the hydrolysis of salts like Na 2 Si0 3 . 
The positive ion accompanying the OH ion must be monovalent; 
therefore calcium or magnesium salts will not defloceulate. Some 
of the recent work in colloidal chemistry would indicate that 
the suspended particles are in equilibrium between a repulsion 
and attractive force and that this equilibrium is varied by added 
ions. 

Other factors sitch as organic matter (35) and particle shape (41> 
are undoubtedly important, but at present there is not enough 
information on which to base any conclusions. 
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Plastic Masses . — Turning now to the plastic masses with a high I 
enough yield point to resist gravity forces, it is well to consider 
some fundamental principles. In general, the three-component 



Fig. 79. — Viscosity of kaolin slips. 
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Fig. 80 . — The air-water-clay system under low pressure. 


system, clay-water-air, may be expressed in the somewhat 
conventionalized volume diagram for a low molding pressure 
shown in Fig. 80. Such a diagram is made up by thoroughlv i 
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mixing and kneading clay and water batches of successively 
increasing water content and molding each in a cylindrical steel 
die at the? given pressure. Provision is made for the escape of 
excess water. The wet and dry volume and the wet and dry 
weight will readily allow the volumes of air, water, and clay to 
bo computed, provided the specific gravity of the clay is known. - 
As the amount of water is increased, the total volume of the 
mix. which originally consisted of clay and air, shows little change 
a< the pores become filled. At the critical point, all the voids 
in th e clay are filled with water and the air phase vanishes. As 
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the water is increased still further, the particles are separated by 
a film of increasing thickness until the maximum for stability is 
reached at that pressure. This may be termed the “saturation 
point/* If more water than this was originally in the clay, it 
will be squeezed out in permeable pressing. 

The critical point is a very important one, as above this point 
the mass shrinks on drying owing to the removal of the water 
films, as discussed in Chap. VIII. The thicker amd more numer- 
* ms the films per unit length of clay specimen the greater the shrink- 
age. Below the critical point, there is little or no drying 
shrinkage. The critical point also is the dividing point between 
the consistency of a damp powder and a homogeneous plastic 
mass . 

At a higher molding pressure such as would be obtained in a 
dry press, for example, the diagram would appear as shown in 
Fig. 81. Both the critical and saturation points are moved to 

low values of water content. 
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There are often slight exceptions to the simplified diagrams 
iown here. For example, the total volume sometimes decreases 

,/0°fo H z O 
«/4 


22 


26 


Shearing Strain 

Fig. 82 . — Flow properties of a plastic body. 


Fig. 83. — Modified Mac Mich a el-type viscosimeter. 

slightly as water is added up to the critical point, for the water 
tcts as a lubricant and allows closer packing. On the other 
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hand, if the day contains bentonite, the particles of which swell 
in water, drying shrinkage may occur below the critical point. 

The flow characteristics of plastic masses are shown in Fig. 82 
for various water contents. The flow is elastico-plastic ; 

ami as the water increases, the yield point becomes lower while 
lit maximum strain becomes greater. 

J Miaxurf went of Workability. — The consistency of slips is best 
measured in a concentric cylinder viscosimeter, such as that 
developed by MacMichael. A modified instrument is shown in 
Fig. 83. In this instrument, an outer cup, which can be revolved 
on a vertical axis at various speeds, holds the slip. An inner 
cylinder is suspended coaxially with the outer cup on a torsion 
wire that measures the torque. By suitable calibration with 
standard sucrose solutions, the dial on the wire can be made to 
read the apparent viscosity coefficient of the slip in poises. In 
the case of slips, we have only to measure the apparent viscosity 
coefficient at various rates of shear to obtain all the desired 
mechanical properties. • 

In the ease of plastic masses, not only the deforming force 
is required but also the maximum deformation at fracture. The 
mo>t useful method for evaluating the workability factor is to 
twist a hollow cylinder and obtain the stress-strain diagram in 
pure shear. A satisfactory machine for accomplishing this, 
which was developed some time ago in the Ceramic Laboratory 
at the Massachusetts Institute of Technology/ 3S) is shown in 
Fig. $4. 

The specimen B, with its brass end pieces, is clamped in the 
torsion head C by means of a wedge, as shown more clearly in 
the detailed sketch. This offers a simple and secure locking 
device which prevents any backlash during the test. The 
torsion head is rotated by the motor D through the reduction 
gear E, the* flexible couplings F, and the gears G. The motor 
and reduction unit are mounted on spring suspensions H to 
prevent any vibration from being transmitted to the remainder 
of the apparatus. This drive gives a constant speed with 
sufficient power for any of the tests with plastic materials. 
The speed of the motor can be altered by the voltage regulator /, 
and its direction is reversed by switches J and K, which inde- 
pendently control the separate field coils. In addition, the 
speed may be changed by various sets of gears at Q. 
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The angle of rotation of the specimen is recorded by the steel 
tape L, one end of which is wound around a drum on the torque 
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Fig. 84.— Apparatus for measuring workability. ( Courtesy of the American 

Ceramic Society .) 


shaft and the other attached to the plate-holder arm so that the 
angular rotation is proportional to the movement of the smoked 
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plate JJ. This plate is held in a spring clip N and is illuminated 
from the back by the light O supplied by the 6-volt transformer R. 
This illumination is necessary for close observation of the stylus 
in relation to the zero line, as will be described later. 

The torque on the specimen is measured by the deflection of 
the light aluminum arm S, which is pivoted on the center line 
of the specimen with the flexible steel emery knife edges T. The 
deflection of the end of the arm is, therefore, free from any 

friction effects and is proportional 
to the torque. In the case of the 
stiffer materials, the springs U are 
necessary to supplement the knife 
edges. Under these conditions, 
the vertical movement of the end 
of the arm & is proportional to 
the torque for the small angles 
employed. The movement of S 
is controlled by the dashpot V, 

i'iu. So.-— Workability of a plastic filled with a light oil of a viscosity 
body ns. water content. , . 

to give critical damping. Such 
damping is necessary when rapid movements of the arm occur 
in the initial portion of the stress-strain diagram. 

The recording of the diagram takes place on the smoked glass 
plate M by means of a pointed steel stylus W held against the 
plate lightly by the thin steel spring X so that very little friction 
results. The stop Y allows the stylus to be removed from the 
-moked-glass plate after the completion of a record. 

Referring back to Fig. 82, typical stress-strain diagrams of 
plastic clay at various water contents will be seen. The points 
to be noted are the yield point a, the twist at the breaking point, 
and the maximum torque. No one figure will represent the 
workability, but a high yield point and high deformation will 
give the best value. Roughly, the product of the yield point 
and the maximum deformation may be taken as the workability. 
If this product is plotted against water content, it will show a 
maximum value at the consistency of best workability, (2&,44) 
its shown in Fig. 85. 

The st reas-strain diagram is altered by changing the rate 
of shear, f 381 so it is well to perform the tests at a shear rate com- 
parable with that encountered in a particular forming process. 
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Clay masses are elastic up to the yield point only under rapid 

deformations. 

Numerous other methods have been mentioned for measuring- 
workability, /such as the orifice flow of Stull and Johnson, <45) 
the tensjorf test of Hyslop, (30) and the cylinder-compression 
method ^* f Holler, (42; as well as the many impression methods 
mwmM the Vicart needle. y\ £=$yrjQ 

\WT msm °f Workability. — If we postulate that workability is 
associated with a high yield point and a large plastic deformation, 
it is necessary to assume that the workable material must have 
particles that (1) hold themselves together strongly and (2) 
allow a large relative sliding movement of these particles without 
rupturing the bonding medium. The first 
condition could be fulfilled by interlocking- 
particles; the second by particles in a large 
amount of fluid ; but to fulfill both demands 
rather peculiar conditions. There must be 
a thin and strongly attracted liquid film 
between the particles to produce a high 
yield point, and the particles themselves 
must be able to slide one upon the other 
for a considerable distance without either 
rupturing the liquid film or causing the 
particles to interfere. These conditions can 
be satisfied to a large extent only by small 
particles that have a perfect cleavage into large faces, and these 
faces must have a strong attractive force for the liquid. (29) 

An examination of the natural minerals indicates that the 
clay minerals alone satisfy the preceding conditions. They are 
small in size; they form platelike particles with two flat and 
parallel faces; and due to the OH groups, they have a strong 
attraction for the polar water molecule. The work of ~Wilson (2£0 
indicates that other minerals in water show a lesser degree of 
workability according to the extent to which they fulfill the 
required conditions. Graphite forms small platelike particles 
but has little attractive force for the water molecule and there- 
fore gives a feeble workability owing to the indefinite yield 
point as shown in Fig. 86. Minerals closely associated with the 
clay minerals in the form of plates but with less attraction for the 
water film, such as goethite, gibbsite, and talc, show a small but 
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infinite yield point ( Fig. 
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ST). They therefore have some work- 
ability but appear of flabby consist- 
ency. The increased torque with in- 
creasing shear is probably due to 
particle interference. The least 
workable minerals are those show- 
ing no definite cleavage and little 
attraction for the water film. An 
example of this is ground quartz, 
which has no workability, as shown 
by the stress-strain diagram in Fig. 
SS. Owing to interlocking of ' the 
jagged particles, a high yield point is 
attained but no plastic flow whatever. 
At higher water contents, the yield 


point would Ik* zero. 

With the omission of the nonaqueous 
[plastic ma.-ses. such as plasticine and 
putty, the picture given above seems to 
be a very reasonable one, but much more 
research is needed to clear up the many 
obscure details. Further work such as 
Wilson's, oil carefully fractionated speci- 
mens with controlled adsorbed ions and or- 
ganic matter, would be very illuminating. 

2. The Casting Process. Casting Slips 
o'ue/ Dffloccub nts . — The casting slip is a 
mixture of clays, nonplastics, and defloc- 
eulents proportioned to give the proper 
physical properties. A good slip should 
have in so far as possible the following 
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properties : 

1 . A low enough viscosity to flow into 
the mold readily 

2. A high enough specific gravity to 
prevent settling of the nonplastic 

3. Ability to drain cleanly (in drain 

easting) 

4. Capable of giving sound casts (in solid casting) 

5. Stability of properties with ageing 


0 . -20 
Degrees 

Fig. 88. — Stress-strain 
curve for quartz and 
water. ( E . O. Wilson, 
American Ceramic So- 
ciety .) 



MOLDING METHODS 


213 


6. Quick release from the mold after casting 

7. Rapid casting properties 

8. Low drying shrinkage after casting 

9. High dry strength after casting 

10. High extensibility in the partly dried condition 

11. Freedom from entrapped air 

Considerable experience is needed to make up a good casting 
slip, as we do not have enough basic data to work it out on a 
scientific basis. In other words, casting is an art at present. 

In general, there are two types of casting slips: a fine-grained 
slip for casting refractory porcelain and crucibles and a heavy 
grog slip for solid casting glass pots, tank blocks, and shapes. 
The proper selection of the clays for a good slip is now a matter 
of trial and error. The coarser clays give rapid casting, and the 
finer ones strength. A number of deflocculents are used such * 
as soda ash and sodium silicate, (56) as Avell as sodium tanate (57) 
and special ammoniacaI C66) deflocculents. The amount of 
deflocculent should be kept as low as possible in order to prevent * 
fluxing by too much alkali. 

A formula for a typical casting slip for a refractory porcelain 
body is given in Table 31. 


Tabke 31 


Per Cent 

China clay 43 

Ball clay 5 

Flint 34 

Feldspar 18 


Sodium carbonate and sodium silicate in equal parts are 
added to just reach the minimum viscosity. About 0.1 per cent 
based on the dry weight of solids is required. The specific 
gravity should be about 1.78, and firing temperature 2600°F. 
(1430°C.). 

During the last few years, much interest has been shown in 
methods for casting refractory oxides without a clay addition. l t J 
This operation can be successfully accomplished in a number' of 
ways. If a fused ox ide, su ch as magnesia, zircon ia, or thoria, is 
b all m illed in dilute acid for several hours .and then used at once, 
sim ple a rticles like„ crucibles ..and tubes can be cast directly in 
plaster drain molds. (57tti63a) Coating the molds with talc, 
pyrophyllite, or zinc stearate may be necessary to permit release. 
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Many of the arid ground slips are unstable and cannot be 
stored/ The U.S. Bureau of Standards has made excellent slips 
of magnesia milled in absolute alcohol for small castings. 

Castings have been made from nonplastics supported in slip 
form by organic materials, such as a disperson of rubber latex. 

For casting heavy tank blocks, a high-grog slip gives good 
results. In all eases, deairing the slip in a vacuum gives sounder 
and denser casts. The proper sizing of the nonplastic is also 
important in all coarse-grained slips. Casting slips with as 
low as 15 per cent water may be made by careful selection of 
materials and proper defiocculation. A typical slip, having a 
water content of about 25 per cent, is given in Table 32 by 
Wright and Fuller. 47 ' 


Table 32. — Typical High-grog-slip Formula 

Per Cent 

Vitreous grog 48.00 

Kentucky ball clay Xo. 4 11.00 

Tennessee ball clay Xo. 5 11.00 

Kaolins (equal parts Florida, Georgia, and North 

Carolina, 23.40 

Feldspar 6.40 

Sodium silicate 0.12 

Soda ash 0.09 


Molds . — Space is not available here to go into the question of 
mold making to any extent, but a few of the essential facts may 
be stated. Practically all the ceramic casting is done in plaster 
of Paris molds made from a mixture of good pottery plaster and 
water. In a modern plant, the mixing is carried out with a high- 
speed mechanical mixer, as it is found that this method gives a 
more uniform mold and one freer from bubbles. A good average 
composition for a casting mold would be 36 lb. of water and 40 lb. 
of plaster, which is allowed to soak for 2 min. and stir for 3^ min., 
after which it is poured at once into the case or forms. Of 
course, the new batch of plaster must be prevented from sticking 
to the solid plaster case into which it is poured, and general 
practice in the ceramic industry is to use a thick solution of 
soft soap and water to coat the surface of the solid plaster 
against which new plaster is to be poured. Apparently the soap 
forms an insoluble calcium compound on the surface of the 
plaster which gives a polished surface with good wear resistance; 
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consequently it is possible to cast a great many hundred molds 
from one case without losing accuracy. 

The molds are made for two types of casting; The first is 
S called a “ drain casting,” and the second a “ solid casting.” In 
the first type, the slip is poured into the dry mold until it is 
completely full and allowed to stand for a sufficient length of 
1 time to build up on the dry plaster 
i a layer of body of the required 
I thickness, as shown in Fig. 89. 
i This may take anywhere from five 
minutes to an hour or more, dc- 
} pending on the type of piece. As 
Isoon as the required wall is built 
up, the liquid slip in the center is 
drained out, leaving a uniform 
casting. ■ The top edge of the mold 
has to be designed in such a way 
that a true upper edge can be ob- 
I tained readily on the finished piece. 

As shown in Fig. 89, a spare is 
generally used, so the level of the 
slip is somewhat above the top edge. 

After draining, the body is trimmed with a vertically held knife 
tangent to the plaster surface, which should project out just to 
the thickness of the cast wall. In this way, a true edge can be 
quickly obtained. 

i When the slips contain large particles of grog, it would be 
ibviously impractical to make drain castings, because the inner 
urface would be extremely rough. In this case, it is usual to 
make a solid casting in a mold, somewhat as shown in Fig. 90, 
for casting saggers. Here the slip is poured into the center of 
the mold and fills the annular space, rising up into the vent 
holes. xA head of slip must be kept on the mold at all times 
because the solid casting gradually shrinks as the slip becomes 
solid and additional material has to be supplied to take |ip this 
shrinkage. In other words, the design for a mold for h solid 
casting is identical in principle with the design of molds for 
casting metal, where the gate has to be of sufficient volume to 
supply metal while the piece is solidifying. 



Fig. . — Section of mold after 
draining. 
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Plaster molds naturally are comparatively soft and will wear 
after long use. It is a little difficult to give any exact figures 
on the life of a plaster mold, as this will depend on many factors. 
A mold for easting a fine-grained slip by the drain method may 
be made to give a hundred casts quite satisfactorily if no fine 
detail is involved. Of course", the molds for casting grog bodies 
must take more wear and tear, but here we can afford to have 
considerable wear before the mold is discarded. The alkali 



Fig. 90. — A mold for solid casting. 


used as a deiloeeulent in the slip will cause some deterioration 
of the mold, due to the salts being drawn into the mold where 
they become concentrated. It has been found that some of the 
organic deflocculents give a considerably greater mold life than 
the sodium carbonate and sodium silicate usually employed. ' 

3 hthods of Casting . — The casting slip is made up by blunging 
the solid ingredients with water and a deflocculent. The slip 
is usually agitated for a considerable length of time in order to 
be sure that the clay is thoroughly wet and that the air bubbles 
are well removed. In some cases, the blunging is done with a 
high-speed mixer; in other plants, it is carried out in large vats 
with a > low-speed paddle. The fine-grained bodies for drain 
casting are generally made up in two stages; i.e., the material 
i> blunged up first with water to a rather thin consistency, 
passed through a screen of around 80 to 120 mesh and over a 
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magnetic separator, and then filter-pressed to remove most 
of the water. The filter cakes are then reblunged with t defloC- 
culent (49,53,57) and some of the screened slip to make up the final 
slip. These steps are taken in order to make a sufficiently 
fluid slip to screen before the deflocculent is added. In the 
case of coarse-grained bodies, the slip is usually made up directly 
with the deflocculent. 

The slip is often handled by pipe lines so that it can be fed 
under pressure to each casting bench, allowing the workman to 
fill his molds rapidly. In the case of the heavier slips, this 
cannot be readily done and the material is handled in hoppers. 
Sometimes it has been found desirable to deair the slip in a 
vacuum before casting in order to make a more dense structure. 
Some manufacturers prefer to use their slip at an elevated 
temperature, perhaps 90°F. 

The handling of the scrap trimmed from the cast pieces 
presents quite a problem, as it must be mixed back with the 
original batch in such a way as not to disturb the defloc- 
culation. 'f / S^fUj\p 

3. The Bqft-mud Process. — The soft-mud process for making 
bricks, \ane/of the oldest of all molding processes, has been used 
for making all types of brick from .the earliest times. Although 
machines are available for making soft-mud bricks, they are 
used very little in the refractories industry, being confined to 
the manufacture of building brick; consequently here we will 
discuss only the hand-mold process. 

The hand-mold method is used for making brick in both small 
ajid medium shapes. This process is particularly suitable for 
making certain types of special shapes, particularly intricate 
ones where the mold cost would be prohibitive by other processes. 
However, the total shrinkage is high, running from 6 to 12 per / 
cent. Figure 91 shows a flow sheet of a typical hand-mold^ 
process. The individual clays are taken from the storage piles 
and crushed, in a jaw crusher or dry pan, after which they are 
placed in overhead bins so that they can be removed by gravity. 
In one process, the clays are proportioned in a batch and then 
fed to a wet pan (Fig: 92), where the whole mass is ground to 
the proper degree with water. Another method separates the 
clays into more or less definite-size fractions which are then 
mixed together dry and the water mixed in either with a wet 
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pan v,* with a pug mill (Figs. 93 and 94) . The proper amount 
of water must be added to give a mix of the right consistency. 


Fig. 93. — A pug mill for preparing clay. ( Courtesy of E. M. Freese and Com- 
pany.) 

The plastic mix is taken from the mixing machine to the 
ladders’ table located near the hot floor. The hand molder 


Fig. 92. — A wet pan for crushing or mixing. ( Courtesy of Clearfield. Machine 

Company.) 

A change of as little as 1 per cent can usually be detected by the 
molders. 
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rolls a homogeneous slug of clay, sometimes called a “walk,” 
of a little more than the volume of the mold. This slug is then 
lifted over the head and thrown with considerable force into the 
mold, where the inertia forces it into every corner. If more than 
a few pieces are to be made, the mold is usually made of hard- 
wood lined with K 6 -in. steel sheets. Sometimes loose pieces 
line the mold, which may be a single mold or may be divided by 
partitions to make a number of units. 

The clay is prevented from sticking to the mold by dusting 
the wet mold with sand between moldings or oiling it with brush 



Fig. 94.- Interior of a pug mill. ( Courtesy of E. M. Freese and Comvany.) 

or spray. When the mold has been filled, it is violently bumped 
to consolidate the clay; then the excess portion is cut off with a 
wire, and the top slicked down. In the case of the larger shapes, 
it is necessary to fill the mold with several walks of clay, but 
care must be taken to avoid lamination. The mold is then 
dumped either on the hot floor or on a pallet, and the piece is 
allowed to dry. . 

The fine series of photographs in Fig. 95 shows the steps in 
molding a shape by this process. "'Usually, hand-molded pieces 
in the standard sizes are hand repressed; i.e., the hand-molded 
piece with a water content for stiff-mud consistency is placed 
in an oiled-steel die box (Fig. 96) and pressed to give an accurate 
shape and put on the brand. 

Perhaps 5 per cent of all standard-shape fireclay refractories 
are now made by the soft-mud process, a percentage much lower 
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th&a it was ten. or fifteen years ago. In addition, a consider- 
able proportion of the special shapes are made by the soft-mud 
process: A hand molder and a boy can mold approximately 



(a) 


Fig. 95. — Method of hand molding shapes, (a) Building up the “walk”; 
(6) forming the sides; (c) forming the ends; ( d ) throwing the “walk” into the 
mold; ( e ) the “walk” thrown on the mold; (/) bumping; (gr) cutting off the cap; 
C h ) slicking; (i) placing on the hot floor; (j) stripping mold; (k) removing loose 
pieces, (l) assembling mold. ( Courtesy of A. P. Green Fire Brick Company.') 



400 standard bricks per hour, and a hand represser and two 
off-bearers can handle up to 550 bricks per hour, a rate that 
demands very skillful operation of the repress. In hand molding 
special shapes from soft mud, a molder and helper will turn out 
about seventy-five 9-in. equivalents per hour. ./ 
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It should be recalled that in the soft-mud process, the clay 
contains an amount of water somewhere between the critical 
point and the saturation point, which allows the plastic mass 


to be deformed with a comparatively small force without rupture 
and yet permits it to have a sufficiently high yield value to 
prevent the shape from slumping after it is removed from the 


Fig. 96. — A hand re-press. ( Courtesy of International Clay Machinery Company.) 

mold. However, the yield value is only slightly above the 
gravity forces, as any shock or jar on the freshly molded shape 
will make it deform. , 
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The handmade brick are of open structure, quite resistant 
to spalling, and easily cut by the bricklayer. 

Silica brick are usually made by the soft-mud process. The 
gains ter is given a short treatment in a wet pan, when about 
2 per cent milk of lime is added. The comparatively nonplastic 
mix is thrown into molds in the same way as for hand-molded 



Fiu. 97. A machine for molding silica bricks. The mud is dropped from the 
upper hopper into the mold below. (i Courtesy of Harbison-Walker Refractories 

(, omixiny,) 

clay bricks. However, the molds are steel, and push blocks 
have to be used in stripping because of the low strength of the 
brick. Since the yield point of the mix is very low, care must 
be taken not to jar the finished piece until it becomes dry. 

Machines are now used for molding silica brick. The hydraulic 
press is used to some extent, but a dropping machine (66) that 
simulates hand molding has been quite suceessfuMn this country. 
It f Fig. 97) is entirely automatic, dropping slugs of the silica-mix 
Into the mold on a heavy anvil, slicking, and stripping./ 
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\ j 7 The Stiff-mud Process. — The stiff-mud brick are made 
with a consistency just above the critical point; therefore con- 
siderable force is required to form the clay. Most of the refrac- 
tories made by this process are formed by forcing the plastic 
materia! through a die from which it emerges as a more or less 
homogeneous column that can be cut off into definite lengths. 
This column is generally p reduced by an auger, consisting of a 
re r-d.m -d screw running in a trough, which forces the 
clay with high pressure through a die. Steam-pressed brick 
arc* forced through a die with a piston operated by steam pressure, 
an intermittent process. 



Fkj. U9. — An nuper for producing a uniform column of clay. ( Courtesy of W. A. 
Ridddl Company.) 


A flow sheet of the stiff-mud process is shown in Fig. 98, in 
which the clays are prepared in much the same way as for the 
handmade bricks. Water is added to the mixture with either a 
wet pan or a pug mill. The latter is generally preferred because 
it is a continuous process and better adapted to feeding the 
auger. The pug mill (Figs. 93 and 94) is a long, trough-shaped 
container with one or two horizontal shafts running down the 
center, having attached to them suitable blades for kneading 
and mixing the elav and propelling it gradually toward the exit 
end. Water can be added to the material in the pug mill to 
bring the mixture to the proper consistency. 

The auger, as shown in Fig. 99, must; be a well-designed 
machine in order to produce a uniform column. It is important 
in designing the die to assure an even velocity of the clay in all 
parts of the stream to prevent strains. Also the auger must be 
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designed so as to prevent laminations, which often occur in the 
center of the column as an S-shape crack. The die itself is 
generally lubricated with oil to reduce the friction, and often 
it Ls steam heated for the same purpose. It has been found 
that if the clay is mixed in the auger in a vacuum chamber/ 71 * 7 ^™) 
the air is readilv removed and a more dense and homogeneous 
column is produced in passing through the die. One method of 
deairing in the* auger is shown in Fig. 100. Deaiiing has become 



Fio. 101. — A multi pie- wire cutter for dividing the column of clay from the auger 
into bricks. (Courtesy of Thu Bonnot Company.) 


a very common practice in stiff-mud operation in the last few 
years and enables the production of sound bricks from clays 
that previously could not be readily handled. It also permits 
a denser structure to be obtained. However, deairing is not 
necessary for all bodies, as many of them can be handled quite 
satisfactorily without it. In fact, deairing seems to make some 
plastic mixes harder to dry and burn. 

The column of clay from the auger is cut into uniform sections 
with a wire cutter, as shown in Fig. 101. Many designs of 
cutter are available, but they all operate on the principle of 
passing one or more steel wires through the column. It is 
difficult to operate a wire cutter satisfactorily if the grog content 
of the body is very high or if the size of the grog is very large. 

There are few cases where the wire-cut brick produced are 
sufficiently uniform in size for use as refractories. Therefore 
the general practice is to pass them through a machine re-press 
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as shown in Fig. 102, where they are actually formed to size 
and the brand put on. After being re-pressed, the brick are 
quite firm and can be readily handled and stacked on the drier 
cars, v 



Fig. 102. A machine re-press. ( Courtesy of The Bonnot Company .) 

Since stiff-mud brick have a strong tough structure, are good 
bricks for cutting, and are quite resistant to abrasion and slag, 
they would be used wherever a dense, strong brick is needed. " 
It is estimated that approximately 22 per cent of the fireclay 
refractories made in this country are produced by the auger and 
re-press. Inasmuch as an auger will produce as many as 6,000 
bricks an hour and one machine re-press will turn out from 1,500 
to 2,200 bricks per hour, four re-presses are generally set up with 
one auger. ^ 
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Y good many wliapes, especially the medium and large ones, 
are made with a stiff-mud mix containing a high grog content 
because of the small total shrinkage and low warpage, even 
though the labor cost is higher than for the soft-mud method. 
Hard maple molds lined with J-fe-in. steel are generally used, 
often with loose pieces. The mix is fed in slowly and con- 
tinuously by one man while the other consolidates it with an air 



Fig: 105. — A dry press for forming bricks. ( Courtesy of Chisholm T Boyd and 
White Company .) 

hammer having a corrugated foot: ' The whole process is clearly 
shpwn iyt the photographs of Fig. 103 . 
y 5. The Dry -press Process. — In the dry-press process of making 
refractories, the clay has the consistency of a damp powder con- 
taining perhaps 7 to 10 per cent water. Only by high pressure 
can it be consolidated into a homogeneous mass. The flow sheet 
for the dry-press process is shown in Fig. 104 , in which the 
preparation of the clays is very much the sapne as for the preced- 
ing processes . ' In the Missouri district, '-4he clays and grogs 
are often coarsely crushed, stored in bins, and recombined by 
feeders into dry pans where they are further ground, screened, 
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Fig. lOtkz. — This figure shows the various cycles in the operation of a dry press 
when forming a brick, (a) Represents position No. 18. The crankshaft R has 
reached position No. IS and has moved connecting beam A to its most forward 
position. The toggle pin B and connecting beam have now entered the portion 
of the cycle where they follow’ the radius of upper toggle B to position No. 2, 
where the lifting shoe C again comes in contact with lifting roller D. The side 
bars E have traveled from their topmost point at position No. 13, to their lowest 
point at No. IS, compressing equalizing spring F and bringing with them the upper 
toggle B, the lower crosshead K , and the pressure-adjusting mechanism. They 
pivot at point G> cause point Gy to press on saddle bar *S and, by the tension 
placed on saddle rod TT, they bring the lower die M to a level predetermined by 
the setting of point G p . The charger H remains at rest until position No. 14, at 
No. IS it has removed the finished brick and has begun to return to rest after it has 
filled the mold boxes. { Prepared by Dr. G. E. Sell, E. J. Lavino and Company .) 
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arl d tempered. The mix is aged for 24 hr. and then fed to the 
presses. Modern practice seems to be favoring the more careful 



Fig. 1066. — Represents position No. 24. At position No. 24 the connecting 
beam A and the upper toggle pin B p are about midway along the arc made by the 
upper toggle B. The lifting shoe C has not yet come in contact with the lifting 
roller D. The side bars E, the upper toggle B , the lower crosshead K , and the 
pressure-adjusting mechanism G remain in the same position as No. IS. The 
’•ppcr die L has moved from its peak position at No. 16 to No. 24, where it has 
come in contact with the loose material and has slightly compressed it. The lower 
die M, which had been stationary from No. IS to No. 23, has now moved to anew 
level owing to the pressure of the upper die on the now partly pressed material. 
This action compresses saddle springs J, lowers saddle rod W, and saddle bar £ 
from point Gf on the pressure-adjusting mechanism. The equalizing spring F 
remains as before. The charger H has returned to rest at No. 20. 

control of the sizing of the grog and flint clays by screening and 
recombining in definite proportions. The mixture of dry 
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materials is then moistened in a pan or a pug mill and brought 
up to the proper consistency. Certain types of special mixers (92 ' 
are used to a considerable extent for this purpose. The mixed 



Fi«, 100c.— Represents position No. 2. At position No. 2 the upper toggle pin 
a >' ltJld ( *wiieetmg beam A have completed the movement along the radius of 
upper toggle B, ami have now brought the lifting shoe C in contact with lifting 
roller AS. 1 he side bars E remain in the same position as shown in Figs. No. a 
aim .\o. h. The upper die L has further compressed the material, but has not 
yet pressed the brick to its finished size. The pressure of the top die on the 
material has caused the lower die 3/ to compress fully the saddle springs J to 
where the saddle plate A comes m contact with the lower crosshead K. 

material is delivered to a hopper over the dry press, where the 
mixing action is continued, and permitted to flow into the dry 

press as needed. 
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• The dry press itself (Fig. 105) is usually the toggle type 
pressing four standard bricks at one time. However, hydraulic 



Jm pre 8 su'rIi?r e P fl XS 8 P ^L ti0n N °' T 4 ' At P° sition N °- 5 ‘ H ^ first maxi- 
side bSsT th» eached and th ® material is pressed to its finished thickness. The 

““ IOWer tOSg,e P ’ the die L ’ ^ lower 

connecting beam I end mf- K havo continued to rise owing to the action of the 
bars haieW 7 1 d shoe C on lifting roller D. At this point the side 

iv'ith Lwer TroXead dr'’ h e , qUaJ di? g Spring F ' saddle plate A " is atiU in ™‘itact 
pressure-adjusting me5i.,7' hl 0 A a n d Q n SP1 ' 1118S -' / are stiil fully compressed. The 
Point G„ as a pivft “ ° ^ bcen nsmg with the lowei ' orosshcad using 


piesses are used for certain types of refractory.^ The operation 
the toggle press will be shown clearly by the excellent diagrams, 
prepared by Dr. G. E. Seil, in Fig. 106, which shows the various 
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cycles in the pressing process. In order to make uniform brick, 
it is essential that the mix be uniform, that the same weight of 
the material be alwa3 r d charged into the dies each strpke, and 
that it be evenly distributed in the die box/ 81 ’ 82 ’ 91 * For non- 



Fio. UXk. — Represents position No. G. Conditions at position No. 6 are 
changed slightly. The side bars have risen a little higher and the crankshaft i? has 
reached its maximum throw, bringing connecting beam A to its extreme hori- 
zontal movement and toggle pin B p over the center line of the side bars. 


plastic mixes 85 like magnesite and chromite, a small, amount, 
about 1 -4 of 1 per cent, of organic binder such as dextrine is used:- 
Until recently, the exact pressures in the toggle press were 
not known precisely. Xow (81>82) they can be determined by the 
stretch of the side arms, which indicate pressures as high as 
14,000 lb. per sq. in. With many materials, the maximum 
pressure is limited by the expansion, which causes pressure crack- 



MOLDING METHODS 


241 


j ng} of the entrapped air on releasing the pressure. Recently, 
many presses C84) have been fitted with vacuum attachments 
that pull the air out of the die box and mix as soon as the top 
pad enters the box. Slots about 0.007 in. wide in the pads 
connect to the vacuum system, v" 



Fig, 106/. — Represents position No. At position No. 7-J4 maximum, 

pressure is again developed as upper toggle B and lower toggle P again pass over 
the center line of the side bars. The saddle plate N is still on contact with the 
lower crosshead K , where it will remain until No. 8 is reached. The pressure- 
adjusting mechanism G is still rising with the side bars E and lower crosshead, 
using G v as a pivot. 


/r The brick discharged from the dry press can usually be set 
on the tunnel kiln cars with little or no drying. The rate of 
forming dry-press brick on the toggle press runs between 1,000 
and 2,000 brick per hour. The dry-press process is used very 
extensively in the industry, and it is estimated that 70 per cent 
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of the fireclay refractories and practically all the magnesite 
and chrome refractories are made by the dry-press process. 



Fit,. 100*7-— Represents position No. 11. At position No. 11 the side bars E 
have almost reached their highest point. The saddle springs J have come into 
action and have begun to push the lower die M to table level removing the finished 
brick. The upper die L has been rising slightly faster than the lower crossliead 
K. The brick is held against its face by the pressure of the saddle springs. 
The lifting shoe C is still in contact with the lifting roller D. 

The bricks produced by dry pressing are very uniform in size, 
with strong corners and edges and little tendency to warp. 
They have good spalling resistance and generally good resistance 
to load. 
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Mixes of the dry-press consistency can be molded by hand 
ramming under special conditions. Patented processes make a 
deflocculated slip of clays (80 ’ S3 * 87) and then mull in carefully 



Fiu. 106/1. — Represents position No. 14. The crosshead K at No. 14 has 
passed its highest xooint. The lower die M has been raised to table level where it 
s stopped by bolts T striking mold-box beams V. The charger H at this point 
has begun to remove the finished brick. The downward motion of the side bars 
E and crosshead K has lowered the pressure-adjusting mechanism G. 


sized grog. The resultant mix contains about 90 per cent grog 
and 10 per cent clay, with a total water content of 5 to 6 per cent. 
By heavy ramming in rigid steel molds, large shapes can be 
made with a total shrinkage of not more than J4 of 1 per cent.V 
The photographs in Fig. 107 show clearly how a large tile is 
made by this process. 
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X Molding of Insulating Firebrick.— The production of highly 
4k>i-ous lightweight refractories requires somewhat different 
methods from that employed for the heavier materials: There- 
fore, it was thought .advisable to devote a special section to the 



Fifi. lOGf. — Represents position Xo. 1G. At position No. 1G the crosshead K 
has continued to move downward taking with it the press u.re-ad justing mechanism 
(j until point Gj comes in contact wdth saddle bar S and starts to compress saddle 
springs J. The setting of the pressn re-adjusting mechanism decides the length 
of movement of the lower die M and allows the mold box to be filled to the desired 
depth. The charger H has further removed the finished brick and has started to 
fill the mold with loose material. 

molding of this product. An excellent review of this subject 

is given by Foster.*’ 93£li 

Method of Obtaining Pores. — Perhaps the most common method 
of producing pores in a fireclay product is to introduce in the 
plastic mix an organic material that later on can be burned out 
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Fig. 107. — Making a large tile with a low water-content mix. (a) Air ram- 
ming; ( b ) cutting off the top. (c) finishing the top; ( d ) finished block; (e) remov- 
ing the mold; (/) block ready for drying. ( Courtesy of A. P. Green Fire Brick 
Company .) 



<&) 


(fi) 
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to leave voids. Sometimes this organic material may be peat, 
which is naturally mixed with the fireclay, but usually it is 
necessary to add granular organic material such as ground wood, 
cork, or other materials of this type. Of course, the properties 
of the finished product will depend not only on the clay but on 
the size, shape, and amount of the organic particles. 

A somewhat different method of producing pores consists in 
adding to the clay mix granular sublimable material such as 
flake naphthalene . C9 3b) On drying the ware at high temperature, 
the naphthalene can be sublimed, leaving pores in the dried-clay 
product. The naphthalene vapor can be cooled and used over 
again. Although this process has been employed industrially, 
it is not in common use at the present time. 

. Still another method of forming the pores in the clayware is 
to introduce into the clay, which has been made to the consistency 
of a thick slip, bubbles of gas that are sufficiently stable to remain 
in the mix until the material is dried and burned. This method 
seems very attractive, as the cost of the organic material is 
eliminated; but practically, difficulties are encountered in 
stabilizing the bubbles so that they are of uniform fine size and 
evenly distributed throughout the mass. The method patented 
by Eriksson (03c) produces bubbles in the clay mix by the addition 
of powdered aluminum or zinc and alkali so that each particle 
of aluminum is decomposed and forms a bubble of hydrogen. 
Others accomplish the same effect by stirring finely divided 
lime into the soft mix and then acidifying, with the result that 
each particle of lime is decomposed, forming a bubble of carbon 
dioxide. Still another method, such as those patented by 
Ericson (93d) and Roos, (93e) consists j n making a pre-formed foam 
which is then stirred into the clay slip. Such a foam, of course, 
has to have considerable stability in order that this process 
may be successful. 

' All the bubble-structure refractories must have some stabilizing 
device to hold the bubbles as individuals and prevent their 
coalescing into larger ones. In the Husain and BoIe (93/) patents, 
this is accomplished by adding g ypsum p laster to the mix and 
permitting it to set, thus stabilizing the Cubbies. In fact, there 
iT proFably no successful bubble process that does not use some 
stabilizing method, either plaster or a flocculent; (93ff> and for 
this reason, it is difficult, because of the fluxing elements added. 
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to make high-temperature insulating firebrick by the bubble 
process. 

A high porosity can also be obtained by adding to the mix an 
inorganic refractory material having itself a high porosity. 
Such materials include diatomaceous earth, bloated clay pellets, 

or porous grog. ... 

Moldi ?i(j Methods . — The molding of the insulating fiiebiick 
mixes is not particularly difficult, as the mixtures containing 
organic matter can he readily molded by the soft-mud method, 
whereas the bubble method is best cairied out by pouring the 
slip into molds until the mass has set. * As far as it is known, 
no successful results have been obtained by using the stiff-mud 
or drv-pre: rs method for these highly porous materials; for if 
they contain organic matter, they are usually rather elastic 
and difficulties from pressure cracking are troublesome. On 
the other hand, if the bubble process is used, any considerable 
amount of pressure would squeeze the air out of the structure 
and the density would he too high. - 


Table 33. — Use of 

Wear-resisting Metals . 




Muller 

tires 

Dry- 

press 

pads 

Dry- 

press 

liners 


Pug | Auger 
knives dies 

“ Xi-hartU* ' 

High-chrome steel ; 

X 


X 


White east iron j 

Tool steel ; 

X 

X 

X 

X 

Stellited steel j 

Tungsten carbide j 

Chrome moly steel (heat-treated)'; 


X 

X 

X 


7. Abrasion-resisting Metals. — In the stiff-mud and dry-press 
process previously mentioned, numerous metal parts received 
considerable wear as a result of the abrasive action of the grog 
particles in the mix. These parts include the mu Hers of the wet 
and dry pan, the blades of pug mills and augers, auger dies, 
and the die boxes of re-presses and dry presses. Table 33 will 
give a summary of a number of wear-resisting metals that have 
been used. (70cj There is, however, at present no great uniformity 
in the use of these materials, as some plants will obtain better 
life with one and some plants with another, owing, perhaps, to 
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the differences in their mixes. A great deal of development 
work is still to be done in this field. 

Dry-press and re-press die wear depends greatly on the mix. 
One hundred million bricks can be produced from plastic and 
flint clay in a set of liners; but when high-grog clay bricks or 
highly burned magnesite or chrome are used, the life may drop 
to as low as 5,000 bricks. 





(d) Pyramidal (e) Tetrahedral 

Fig. 108. — Various methods of packing spherical particles. 


8. Grog Sizing. — The manufacturer of refractories is coming 
more and more to realize the importance of maintaining con- 
sistency of particle sizes of the grog or flint clay portion of his 
mix, especially where he has to make a low-porosity or low- 
shrinking refractory or an unburned refractory with a chemical 
bond. ^,It has also been found that proper sizing helps the 
spalling resistance. Some manufacturers are going so far as to 
divide their particles by screens into a series of size fractions 
and then are recombining them by definite weights to produce 
the desired distribution. Others control size by proper adjust- 
ments of screens and crushers. 

If the one-component system is considered first, i.e., particles 
having' a single diameter, it will be found that the closeness of 
packing depends on the arrangement of particles and their 
shapes. Taking the simplest case, i.e., spheres, there are five 
different methods of packing, (109; which are shown in Fig. 108 
and the results given in Table 34. 
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In the case of irregular particles as would be obtained from a 
crusher, the packing varies between 40 and 50 per cent, although 
theoretically, with perfectly arranged cubes, the voids would be 

zero. 

Tabu: 34.—' Voids with Different Methods o f Pa cking^ 

Voids, 

Typo of packing of spheres per cent 1 lg ‘ Ao ‘ 


Cubical 

Single stagger /cubical tetrahedral) 

Double stagger. . 

Pyramidal 

Tetrahedral - 


47.64 
39.55 
30.20 
25.95 
25 . 95 


108a 

1086 

108c 

108rf 

108c 


Consider next, the two-component system wherein a coarse 
grain and a fine grain are mixed and shaken down to the mini- 
mum volume : the clearest picture of the situation can be obtained 
bv referring to the packing diagram of estman/ 90 ’ 107 ^ shown 
in Fig. 109. Along the base is plotted the proportion of coarse 



and fine in the mix, giving a constant total weight. On the 
vertical scale are plotted volumes. A line AB represents the 
true volume of the mixture. Point C represents the apparent 
volume of the coarse mix, and D the apparent volume of the 
fine mix, the apparent volume being the true volume plus 
the volume of voids. Now suppose that a small proportion of the 
coarse material is replaced by fine material. It is obvious that 
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up to a certain point, the fines will simply fill the voids between 
the larger grains and therefore the total apparent volume will 
decrease in proportion to the amount of fines added. Accord- 
ingly 3 the theoretical apparent volume will follow the curve CE. 
Xow starting from the other end of the diagram, if a certain 
amount of the fine material is replaced by the coarse, the coarse 
material will displace an equal volume of fine material and the 
voids existing in the fines. Therefore the total volume will 
decrease owing to an elimination of a portion of the voids in 
the finer material. Consequently, the line AD will represent 
the theoretical apparent volumes. Where the lines CE and AD 
cross will be. tlm minimum volume from a mixture of coarse and 












~07C4-6V 
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Fig. 110. — Porosity diagram lor crushed kaolin grog; individual fractions and 
binary mixtures. ( J . Am. Ceram. Soc.) 


fine having an infinite ratio between the diameters. Actually, 
however, we have a finite ratio, and the actual curve of apparent 
volume will be indicated by H. The line CD is the apparent 
volume of the fractions before mixing, and the distance G repre- 
sents the shrinkage in volume during the mixing process. - 

Results obtained on crushed kaolin grog are given in Fig. 110, 
where are shown individual screened fractions and binary mix- 
tures of these fractions mixed to give the densest packing. - 
When we come to systems of three components, the apparent 
volume can be indicated by surfaces. It will be found, however, 
that from practical considerations, little is gained by using more 
than two or three components in the mixture because of the 
impossibility of getting large-diameter ratios between the 
successive sizes. Figure 111 shows a three-component diagram 
for the crushed kaolin grog of Fig. 110. The densest mix has a 
proportion of 40 per cent fine, 50 per cent coarse, and 10 per cent 
medium,, giving a porosity of 22 per cent, 
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f Chemical Bonding. — A great deal of interest has been shown 
recently in refractories that are chemically bonded with a setting 
material, which gives to the brick sufficient mechanical strength 
so that it can be used in the furnace without previous burning. 
In order to do this, it is necessary to have a large proportion of 
well-fired nonplastic material in the brick and have it sized in 
such a way as to give a very dense packing. In addition, the 
bricks must be pressed under high enough pressure to reduce the 


Coarse 

40 



Medium 234 567 89 Fine 

Fig. 111. — Porosity diagram for crushed kaolin grog; ternary mixtures. (J. 

Am. Ceram. Sod) 

voids as far as possible. Bricks of this type have been made of 
magnesite, chrome, and fireclays. 

One type of bond consists of magnesium chloride or magnesium 
Oxychloride, used generally with a magnesite or chrome base. 
The patent of France (112 ’ 113) is typical of this type. Another 
bond is phosphoric acid, which has been used with a zirconia 
base- according to the patent of Morgaji <119 * 196 haiid with an alumi- 
nous material in the patent of Hood. Cl21) -Bonds have also been 
suggested, such as silicate of soda (117) and a soluble aluminum 
salt, according to the patent of Betts. (115) However, one diffi- 
culty with the use of soluble salts is their migration to the surface 
on drying. 
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' A great many organic types of bonds have been suggested. A 
Synthetic resin bond is indicated in the patent of Danehower, (114) 
and Schwartz walder ( 1 2 4) sugges ts the use of bakelite.'* Aluminum 
formate is used for bonding silica-alumina materials by Rohde. <128) 
diethyl silicate has also been suggested in a number of occasions 
as a bond for silica-alumina refractories, since a colloidal silica 
having considerable strength is precipitated. Other organic 
materials such as linseed oil and sulfide waste liquor cl26 ’ 127 > have 
been suggested. For lower temperature refractories, it is 
possible to use a high-alumina cement. 

In looking over the list of bonds, it will be noted that many 
of them are at present too expensive for use anywhere except in 
laboratory-type refractories. Others have some practical diffi- 
culties; e.g., the phosphoric acid is so hydroscopic and so hazard- 
ous to the health of workmen that it has operating difficulties. 
Probably the most useful bonds at present are the magnesium 
oxychloride, sulfate waste, and high-alumina cement. 
v The chemically bonded refractories in some types of service 
give results superior to the burned refractories, especially in 
resistance to spalling; consequently, they have definitely taken 
a' place in our refractory production. Of course, the first thought 
on considering this type of refractory is the great saving in 
firing cost; but when the problem is analyzed, it is usually found 
that with the additional cost of the bond and the necessity for 
carefully sizing the nonplastic, which comprises practically 
the whole brick, the total cost is little, if any, less than for 
burning the brick. . 

10. Hot Molding. — The suggestion has been put forth from 
time to time of producing refractories by pressing the heated 
refractory material in the mold so that the bonding would take 
place by welding together the particles while they were suffi- 
ciently hot to have a certain amount of glass in the viscous condi- 
tion. Such a method is suggested in the patent of Duffield. ci29> 
Many experimenters have shown that a comparatively strong 
brick can be made at a temperature much below the burning 
temperature if pressure is exerted. However, this attractive 
process of molding refractories has not proved commercially 
successful because of the great difficulty in providing molds 
that will operate at the high temperatures necessary and still 
give a reasonable amount of life. 
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CHAPTER VIII 

DRYING 

j x. me Mechanism of Drying.— The work of Sherwood^*) 
and his collaborators has done much to give a clear picture of the 
drving process in porous solids. It is logical to divide the diying 
into two periods; the constant-rate period and the falling-rate 

f he Constant- rate Period . — At the start of the drying proc- 
ess, when the clay contains enough water at least to fill the pores, 
there will be a continuous film of water over the surface particles, 
as evidenced by the comparatively dark color of the w et clay. 
It is therefore not unexpected to find that the rate of drying 
per un it area of surface is substantially the same as for a free 
water surface. This rate in terms of temperature, humidity, 
and velocity of the air is shown in Fig. 112. As the drying 
proceeds at this rate, it is obvious that water must travel through 
| the pores toward the surface to supply the evaporation loss. 
" In all but exceptional cases, where the drying rate is very high 
or the clay very fine grained, the water will travel by capillary 
forces as fast as it is carried away. In the case of clay, the 
piece will shrink in volume equivalent to the volume of water lost, 
until the particles touch, and thereafter air must enter the pores 
to take the place of the water. Soon after this happens, it will 
be found that the water cannot travel to the surface fast enough 
to maintain an unbroken surface film; so the drying rate starts 
to decrease. This rather sharply defined point may be called 
the * 4 critical point 7 " and corresponds approximately to cessation 
of shrinkage. 

It might }>e thought that a nonshrinking material like sand 
and water would not show any constant-rate period because the 
pores would start to empty at once. Experiments show this 
to be true when the particles are fine; but when the particles 
are coarse, the resistance to flow is so slight that even with air 
in the pores, the surface drying rate is the governing factor. 
This is shown clearly in Fig. 113 for a fine and coarse sand. 
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The Falling-rate Period . — Beyond the critical point, the drying 
rate is governed by the rate of transfer of water from the interior 



Fig. 112.- — Evaporation, chart for free water surface. ( C . B. Shepherd, C. 
Hadlock, and R. C . Brewer, Industrial and Engineering Chemistry , 1938.) 
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to the surface and rapidly becomes less as the drying proceeds. 
It is believed that beyond the critical point, the continuous 
surface film is broken and the water surface recedes into the 
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capillaries, giving the light color to the clay at this stage. As the 
drying proceeds, more and more of the water is converted inside 
the structure into vapor, making it necessary for this to travel 
out through the nearly empty capillaries to the surface. 

In Fig. 1 14, an attempt has been made to show how an enlarged 
section of the day would look at various stages of the drying 
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Fio. 114. — Enlarged section drawings of clay at various stages of drying. 

process. In A, the clay particles are well separated by a water 
film, which also runs continuously over the surface. In B, the 
amount of water has decreased until the particles touch one 
another, but there is still a continuous surface film. In C, the 
water has decreased until the surface layer is broken and the 
level recedes into the capillaries with some air in the structure. 
Water is brought to the surface by a capillary flow and as vapor. 
In £>, the water has still further decreased until it is found only 
in a few places where the particles come closest together. Here 
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11 the transfer of water is in the form of vapor. These four 
conditions are shown on the typical drying-rate curve for a 
clay in Fig. H5. - 



The last of the water comes off slowly because it is adsorbed 
on the surface of the dry particles. Practically, however, it is 
never necessary to remove the last trace of water. In fact, a 
bone-dry piece is apt to be brittle and hard to handle. 



Moisture Gradient in Clay Body. The moistuie is ri u 
across a slab of drying clay may be shown to fo ow e mes 1 

Fig. 116. At the critical point, the moisture at e su ** 

drops rapidly toward zero. In the constant-rate P® ri ° ’ 
ever, the curves are parallel and may be expressed ma ema ica 
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bv Newton’s law of diffusion 

8M __ K Em 
56 S * 2 * * * * 

in the same way as for heat flow. Here 

M = the moisture concentration per unit volume 
6 = the time 

x = ihe distance from the surface 
K — a constant 

The solution of this equation and its application to the constant- 
rate period has been carried out by Gilliland and Sherwood/ ^ 
which permits the calculation of the moisture distribution in a 
slab after any time interval. Reference should be made to the 
original papers for a full discussion of this calculation. 



2. Drying Shrinkage. — The drying shrinkage of a clay or 
body is an important characteristic because it largely governs 
the maximum safe rate of drying. The drying-shrinkage curve 
is very helpful in studying some phases ol the clay-water system. 

Mechanism of Drying Shrinkage . — The mechanism of shrinkage 
is a very simple one. If the volume shrinkage is plotted against 
the volume of water in the clay, as in Fig. 117, it will be seen 
that the shrinkage curve is a straight line with a 45-deg. slope. 
In other words, the volume shrinkage is just equal to the volume 
of water lost in drying down to the critical point, where the inter- 
particle film becomes so thin that the particles touch one another 
and shrinkage can go no further. This will be made clearer by 

referring back to Fig. 114, which shows the condition of the clay 
and water at the points lettered on the curve of Fig. 117. 

The water lost from the clay in drying between its original 

condition and the critical point is often referred to as “shrinkage 

water/" and the remainder as “pore water/ 7 
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The critical point is not usually so sharply defined as shown 
in Fig. 117, nor does the lower end of the shrinkage curve always 
tile along the axis. When clays of the swelling type, such as 
bentonite, are present, the curve is above the axis and only 
shrinks the final amount just before dryness, because of the 


Fig. US. — Apparatus for determining drying shrinkage. 

fact that the last of the water is more firmly held between the 
crystal layers than on the surface of the particles. Other clays 
have shrinkage curves falling below the axis as a result, at the 
end of the drying process, of a slight expansion that has not yet 
been explained but is perhaps due to the opening up of kaolinite 
books on losing the last trace of water. V 
■ Measurement of Drying Shrinkage . — Shrinkage can be measured 
by either a length change or a volume change. The former is 


2GS 


n kpractori eh 


more useful for studying the type of shrinkage curve, whereas 
the latter gives more accurately the over-all shrinkage. • 

The apparatus shown in Fig. 118 is a convenient one for 
obtaining shrinkage curves. The test specimen is in the form 
of a hollow cvlinder 7 s hr. outside diameter, 2 in. long, with a 
i s -in wall. It is placed on an automatic balance in a chamber 
with controlled humidity and temperature; accordingly the 



Fus. 119 . — Curve for the conversion of volume to linear shrinkage based on initial 

dimensions. 


change in length can be precisely determined with a micrometer 

telescope. 

Volume shrinkage is usually measured by placing the specimen, 
at various stages of dryness, in a mercury volumeter. Volume 
shrinkage can be converted to linear shrinkage by the curve in 
Fig. 119 or by Tables 35 and 36. 

Water-film Thickness . — The ceramist is much interested in the 
thickness of the water film separating the clay particles. If the 
total linear shrinkage and the number of films per unit length 
are known, this factor can be readily calculated. The total 
shrinkage can be easily determined, but the number of films 
is more difficult to estimate. The most careful work on this 
subject is by Whittaker/ 23 who measured the drying shrinkage 
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Table 35 

Four-figure table for converting: 

1 . Volume drying shrinkage (percentage of plastic volume) to linear 
drying shrinkage (percentage of plastic length). 

2. Volume of firing shrinkage (percentage of unfired or dry volume) to 
linear firing shrinkage (percentage of unfired or dry length). 

3. Volume of expansion (percentage of final volume) to linear expansion 
(percentage of final length). 

(Courtesy of Dr. A. E. R. Westman, American Ceramic Society) 
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„f a number of monodisperse size fractions of a kaolin. Pro- 
vided the size of the particles is known, the number of films are 
readily computed. The only uncertain factor is. the shape of 
the particles, which were assumed to be plates one-third as 
thick as they were long and wide. In this way, he found a 
value of about 0.002 /x as the film thickness, or a layer of about 
20 water molecules. This value can also be computed by 
determining the thickness of the shrinkage water when spread 



Fig. 120. — Drying-shrinkage curves of typical clays. 

over an area equal to the surface area of the particles. The 
result is about 0.005 /x, a somewhat larger figure but of the same 
order of magnitude. 

Shrinkage Curves . — Figure 120 illustrates drying-shrinkage 
turves for a few 7 typical clays. Curve A for a fireclay gives the 
typical secondary shrinkage, and curves B and C show 7 a slight 
expansion. 

3. Dry Strength. — The dry, or “green/’ strength of clays is a 
unique and more or less unexplained property. Such theories 
as postulate molecular cohesion, felting of the particles, or 
organic colloids are not entirely substantiated as yet. It is 
known that the dry strength increases as the area of the particles 
increase (finer particles). Also the strength increases with more 
of some adsorbed ions. For example, a kaolin having a strength 
(modulus of rupture) of 400 lb. per sq. in. when dialyzed showed 
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can be decreased only by reducing the viscosity of the water 
flowing through the capillaries. The viscosity of water decreases 
quite rapidly with temperature, as shown in Fig. 121, which 
explains the reason why, in modern driers, the ware is heated 
rapidly to the maximum temperature in a saturated atmosphere 
before much drying takes place. 

The size of the refractory piece influences the time required 
to dry. Macey (13) has shown that under constant drying condi- 
tions, various sizes of cubes dry in times proportional to the 
length of the edge of the cube. Also the larger the piece the 
greater will be the tendency to crack under given drying condi- 
tions. It should also be realized that when the water content is 
sufficiently low to come below the critical point, the shrinkage 
stops and therefore the drying can be carried on as rapidly as 
desired, provided the vapor can escape from the interior without 
setting up a bursting pressure. 

'* Examples of Drying . — As a concrete example, the problem 
of drying a brick as rapidly as possible when made from a mechan- 
ically weak, high-shrinking clay will be considered. In order to 
prevent too rapid surface evaporation, no artificial velocity was 
imparted to the air and the humidity was kept at a maximum. 
It was then necessary only to find the maximum temperature 
that could be used without cracking the brick. It should be 
realized that if the brick could be heated uniformly and at *a 
rapid rate, the drying could proceed with extreme rapidity 
because of the high diffusion rate at elevated temperatures. 
However, it takes some time for the center of the brick to reach 
the temperature of the surface; and the resultant temperature 
gradient will, of course, increase the moisture gradient, which, as 
explained before, is the limiting factor in the rate of drying. 

The apparatus used for the experiments consisted of a closed 
chamber with the brick suspended on a platform in the center 
of it. The heat was supplied by an electric heating coil so that 
any desired temperature could be easily obtained. The chamber, 
in each case, was brought up to the desired temperature, and the 
wet, cold brick was put in. Arrangements were made to obtain 
the weight of the brick continuously throughout the drying 
process. Figure 122 shows the curves for the rate of drying 
for various temperature conditions. A brick dried under 
condition D showed no signs of cracking. Under condition C, 
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a few slight cracks appeared on the surface; whereas under 
conditions A and B, the bricks were quite badly cracked. 

Distribution of Heat , — It is quite a step from drying a single 
brick in the laboratory to drying a full car in a production drier. 
Circulation of air must be adjusted both to bring heat to the 
brick at the required rate and, at the same time, to can^ away 
the* water vapor. In order to dry all the bricks alike, a large 
volume of air must be circulated with the proper distribution of 
velocity. 



Hours 

Fig. 12a.— Curves showing rhe rate of drying of brinks under various tempera- 
ture conditions. 

Conservation of Boat . — A definite amount of heat is required 
to evaporate the water; but in addition, heat must be supplied 
for the waste air leaving the drier, for the heat in the bricks, and 
for the loss through the drier walls. Therefore, an efficient 
drier will have a minimum volume of exit gases, by means of 
recirculation, and will have well-insulated walls. - 

5. Drier Calculations. — It is not within the scope of this book 
to consider drier design, as this is well covered in more general 
treatises. However, it might be well to point out some of the 
principles involved. The heat content of the air supplied to the 
drier, between the entrance and exit temperatures, must be 
sufficient to provide for the heat required in the drying operation. 
Also the volume of the air passing through the drier must be so 


DRYING 


f great that the moisture added to it will not bring it above the 
I saturation, point at the exit temperature (or temperature of the 
| entering bricks). ' 



Fig. 123. — A modern hot floor. ( Courtesy of United States Refractories Cor- 
poration.) 



bricks and for drying large shapes.’' The modem hot floor is 
usually constructed as shown in Fig. 123. v The heat is supplied by 
means of steam pipes running in conduits or tiles just under the 
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surface of a concrete floor. The temperature of the floor can be 
controlled by valves, and the floor is usually divided up into 
small sections so that the temperature can be regulated according 
to the material drying at any particular point on the floor. 
Hot floors are sometimes heated by waste heat from the kilns 
or by direct heat from coal or oil fires, from which the hot gases 
pass under the floor in tile flues, as shown in Fig. 124. These 
methods, however, are not so satisfactory as steam heating 



Fig. 125. — The entrance end of a group of tunnel driers. ( Courtesy of Harbison- 
Walker Refractories Company .) 


because it is difficult to control the temperature of the floor 
and because the temperature will vary considerably from one end 
of the floor to the other. Sometimes, the thickness of the 
floor is varied from the hot to the cold end to give a more even 
surface temperature. From one-half to four 9-in. equivalents 
can be dried per square foot of floor per 24 hr., depending on the 
clay, the water content, and the size. In some plants, one-half 
of the drier capacity is in the hot floor. - 

Tunnel driers are used mainly for bricks and small shapes. 
They consist of a long tunnel in which rack cars of bricks can be 
placed. Heat is supplied by steam coils under the tracks or, 
in some cases, by waste heat which passes through the tunnel. 
The green bricks are usually pushed into the tunnel at the cooler 
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end and gradually progress to the hotter end until they are 
completely dry. Figure 125 shows a tunnel of this type. “'The 
bricks or shapes are placed on shods that are held in the rack 
ears v as shown in Fig. 126. "Sometimes perforated shods are used 
to speed up the drying of the underside of the bricks. They 
cannot be used, however, with very soft clay, for they will mark 
the brick. " 

v*The more modern type of drier is the continuous-tunnel type, 
in which the loaded cars are pushed at a uniform rate through 



Fig. 126 .- — Bricks on rack cars ready to enter a drier. ( Courtesy of Koppel 

Industrial Car Equipment Company.) 


a tunnel having carefully regulated temperature and humidity 
values at each section. Fans or injectors are used to circulate 
the air around the steam coils and through the bricks in order 
to ensure a rapid and uniform transfer of heat to the drying 
material. Usually recirculation is used; i.e. : the air is passed 
around a closed circuit, the only vent being a small escape pipe 
at the top of the tunnel to allow the moisture from the bricks to 
pass off. The tunnel is divided longitudinally into sections, 
and each section is controlled for temperature and humidity 
by automatic controllers. In general, the temperature and 
humidity are high at the start to heat the brick with little 
loss of water from the surface.* The humidity is then gradually 
decreased as the bricks pass through the tunnel. The regulation, 
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however, must be determined for the particular kind of clay 
being dried. Figure 127 illustrates a drier of this type. In Fig. 
128 is shown a temperature schedule' 40 ' for this drier. 



The tempe.rature in driers varies according to the nature of 
the clay and size of the articles. Generally it is kept as high as 
possible, oO c C. f!22=F.) to 90°C. (194°F.). The capacity of a 



Hours 

Fi«u. 12S. -A typiru! drying schedule for firebrick in a modern humidity drier. 
(J. Am. Ceram,. Soc.) 


drier depends also upon the clay and the size of the articles. It 
is an economy to dry as rapidly as possible, as this reduces the 
investment in the drier, cars, and shods for a given output. 
Typical drying conditions are shotvn in Table 37. 
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Since the design and construction of efficient driers require 
considerable technical knowledge and experience, the amateur 
drier builder seldom turns out a satisfactory job. The scientific 

Table 37. — Drier Conditions 



Maximum drier 


Type of brick 

temperature 

Time to dry 
9-in. brick, hr. 

°F. 

°C. 



Hand-molded 

160 

71 

48 

Stiff mud, re-pressed . . 

160 

71 

24 

Silica 

150-250 

66-121 

24 

Chrome and magnesite 

180 

82 

16 

Insulating firebrick. . . . 

180 

82 

30 


study of drying problems has lately resulted in great advances 
in this field. The following references should be consulted for 
the details of drier design. 
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CHAPTER IX 


THE FIRING OF CLAY AND OTHER REFRACTORY 
MATERIALS 

1. Effect of Heat on Raw Clay. — One of the most important 
steps in the manufacture of refractories is the .firing process, 
whereby the raw clay is profoundly altered into a strong and 
partly vitreous mass. The steps occurring in the process are 
particularly important, as they guide us in the proper heat- 
treatment of a clay to give the greatest efficiency in firing and 
the most satisfactory finished product. 

Methods of Measuring Heating Changes . — The changes that 
occur in a clay on heating, though not at once evident, can be 
indirectly observed through a number of secondary alterations 
which may be detected by the proper type of measurement. 
One of the most obvious changes taking place in a heated clay 
is the loss in weight. This weight loss can be measured by plac- 
ing a sample of clay in a constant-temperature furnace C21a) and 
holding it at one temperature until the weight becomes constant, 
then increasing the temperature another step and holding it 
again, and so on until the clay loses no further weight. Also, the 
weight loss can be determined by raising the temperature of the 
sample at a predetermined rate and recording the weight of 
the specimen as a continuous function of time. The weight loss is 
due il) to loss of adsorbed water at comparatively low tempera- 
tures, 1 2 j to the loss of chemically combined water which occurs 
at a rather definite temperature for any particular clay mineral, 
and \S) loss of CO- and SO- from oxidation of carbon or the 
breaking up of carbonates and sulfides. The proper inter- 
pretation of the weight-loss curve of a clay will give a valuable 
insight into the elav constituents, as shown by the curves in 
Fig. 129 for a number of clay minerals. A well-crystallized 
mineral like kaolinite loses its chemical water substantially 
at one temperature, whereas an amorphous material like allo- 
phane loses it gradually. 
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Another characteristic of clay when heated is the absorption 
and evolution of heat (28) at certain temperatures, which can 
readily be determined by the differential thermal apparatus 
described in Chap. Y. A typical curve of this type for a firecla3 r 
containing only the mineral kaolinite is shown in Fig. 130. 



The slight heat absorption at 150°C. (300°F.) is due to the driving 
off of adsorbed water from the surface of the grains. The small 
heat evolution at approximately 400°C. (750°F.) is caused by 
the oxidation of a slight amount of organic matter in the clay. 
The larger absorption peak at 620°C. (1150°F.) is caused by the 



■ evolution of the chemically combined water in the kaolinite 
k structure, and the sharp and high peak at 980°C. (1800°F.) is 
believed to be due to the change of amorphous alumina to the 
; crystalline 'y-form. The small peak at 1200°C. (2190°F.) is 
considered to be the result of the crystallization of cristobalite 
J bom. the silica glass that has previously formed in the clay. 
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f The shrinkage, and conversely the porosity, is a, very char- 
acteristic property and shows quite clearly the changes that 
occur in the clay. A typical shrinkage curve for kaolin is 
shown in Fig 131. Xo shrinkage occurs under this slow heating 
until 450°C (840°F.) is reached, at which temperature the 

chemically combined water is driven off P^ducing a decrease 
in volume that continues slowly to abo\e 900 C. (1650 F.) 
where a sharp decrease in volume corresponds to the formation 
of 7 -alumina. At the same time, mullite begins to crystallize. 



At 1 150°C. ( 2100 °F.), glass begins to be formed in larger quanti- 
ties, which tends to pull the clay grains together, and the shrink- 
age continues rapidly up to the fusion point of the clay, provided 
bloating does not occur. 

One of the most powerful tools used in studying the changes 
occurring in a clay is the X ray, (2o) which gives us an insight into 
the atomic arrangements of the clay crystals and the altered 
products as discussed in Chap. IV. Briefly, however, the recent 
results of X-ray analysis indicate that^ kaolinite is unchanged 
until the chemically combined water is driven off at 450°C. 
(840°F.). Above this temperature, there is a noncrystalline 
structure called “metakaolin” about which we know very little. 
At 980°C. (1300°F.) ? the "/-alumina crystallizes; and immediately 
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afterward, mullite crystals can be detected^’ 1 9 - 24<l) even though 
they are very much finer than would be visible in the microscopes 

„ The microscope does not tell us a great deal concerning the 
changes occurring in the clay because they take place on such' 
a small scale that an observation of the larger grains shows little. 
Until the temperature is high enough for large-sized needles of 
mullite to crystallize out, the microscope is of little help. How- 
ever, the recently developed electron microscope allows us 
to observe the clay particles at a magnification of as high as 
25,000 X, wdiereby clay particles as small as 0.1 g can be readily 
seen. Recently, a very interesting study with the electron 
microscope b}^ Eitel, Muller, and Radczewski (27) has been made 
of the breakup of kaolinite on heating to various temperatures. 
This is the first time that we have had direct visual proof of the 
reactions going on in the clay. The photographs in this paper 
are remarkably clear even at the very high magnification and 
indicate the following reactions: The original clay shows definite 
hexagonal plates of varying size with clear-cut edges, as repro- 
duced in Fig. 40 of Chap. V. On heating to 500°C. (930°F.), 
which is sufficient to drive off the chemically combined water, the 
only change noted is a slight softening of the edges of the plates. * 
At 800°C. (1470°F/), the plates show slight rounding of the 
comers and apparently some fine-grained material is thrown off 
from the edges. Whether this occurred directly in the heating 
or by mechanical abrasion of the now soft and friable plate is 
not certain. At 1000°C. (1830°F.), pseudomorphs of the original 
kaolinite crystals are still seen, but there is a lack of distinctness 
with no new crystals in evidence. At 1200°C. (2190°F.), the 
ground mass of the original kaolinite crystals is filled with small 
mullite crystals imbedded in glass. 

Another characteristic change in clay on heating is the increase 
in hardness and mechanical strength after cooling. The raw ^ 
clay, in many cases, has considerable mechanical strength; but 
as it is heated to drive off the adsorbed water, this strength 
usually decreases slightly because of the lessened attraction 
between the particles. When the chemically combined wmter 
is driven from the clay, there is often a further decrease in 
strength, due to the crystalline breakup; but at 1000°C. (1830°F.) 
in a pure clay, the strength begins to increase owing to the forma- 
tion of glass and recrystallization of the remaining components. 



The strength increases rapidly up to the softening point. I n 
less pun* days, the increase in strength occurs at lower tempera- 
ture,- owing to the earlier glass formation. 

( >ther changes to he noted are variations in color, solubility 
in acid, and fluorescence of certain dyes in contact with the* 
clay. The latter is illustrated by the dye morin, which fluoresces 
under ultraviolet light when in contact with the alumina mole- 
cule. When day samples fired to different temperatures are 
examined in this way, fluorescence will be absent up to 450°C. 

• 840 s F.) but will show strongly up to 980°C. (1800°F.) and then 
less strong!}'. This indicates the presence of the alumina 
molecule in the metakaolin. 

Picture of thr Heat Changes in a Pure Kaolin . — In summing up 
the evidence obtained from the preceding observations of the 
various changes in the physical properties of a clay, one may 
start in with a drying temperature of 100°C. (212°F.). At this 
temperature, a considerable amount of adsorbed water still 
adheres to particles, and the finer the clay the larger amount of 
this water. It is not driven off at any one temperature, but 
over a considerable range; the more firmly attached water mole- 
cules are held until the higher temperatures. This adsorbed 
water can be removed at low temperatures by confining in an 
atmosphere free from water vapor, but a considerable amount 
of time is required. At a temperature of 450°C. (840°F.), 
the chemically combined water or, more correctly speaking, the 
< >H groups are removed from the kaolinite molecule. It has 
been shown that with very careful temperature control and 
long time of heating, this water is driven off very completely 
at a single temperature, as indicated by the weight-loss curve 
in Fig. 129 which was taken under carefully controlled conditions. 
However, even under this condition, there is a small amount 
of remaining water that is not driven off until 700 or 800°C. 

{ 1290 or 14 i 0 W F.) is reached. It is a little difficult to understand 
just what part of the lattice is occupied by these OH groups 
which are so firmly held. More probably the gradual weight 
loss is due to adsorbed water molecules both below and above 
the crystalline breakup temperature. J The condition of the 
crystal structure between the temperature of removal of the 
OH groups and the crystallization of alumina has received a 
great deal of consideration by various authorities; but at the 
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present time, we seem to have no really definite pictures except 
that there is a noncry stalline arrangement of the atoms. On 
the other hand, the structure cannot be entirely broken up, as 
it is possible to replace the water by comparatively simple 
hydrothermal action, provided the clay has not been heated 
above 980°C. (1800°F.). Also the evidence of 'fluorescence 

indicates that a sort of alumina molecule is still in existence up 
to this temperature. 

4 At approximately 980°C. (1800°F.), in the case of kaolin, there 
is a sudden heat evolution, which is believed to indicate the 
crystallization of the alumina into the y-form. It is interesting 
to note that the heat effect is greatest for a silica-alumina ratio of 
2:1 as it occurs in kaolinite. It is shown by Insley (34a) that if 
the alumina is higher or lower than this particular ratio, the heat 
effect occurs over a wider range of temperature and is not nearly 
so marked. He believes that the silica acts in such a way as to 
stabilize the amorphous structure and prevent crystallization 
until a certain temperature is reached. This again would indi- 
cate that the structure, after the water is driven off, is not 
entirely random but must have some arrangement by which the 
alumina crystallization is influenced by the silica. •' 

Immediately after the formation of the y-alumina, it appar- 
ently starts dissolving in the glass and mullite begins to crystallize 
out. At first these crystals are so small that they can be detected 
only by the X rays; but at a somewhat higher temperature, they 
become large enough to see easily under the microscope (Fig. 132). 

The heat evolution at 1200°C. (2L90°F.) is believed to be due 
to crystallization of cristobalite from the glass. (24a) Such crystals 
have been detected by Insley, and this seems to be a reasonable 
explanation. No work has been done to determine this crystal- 
lization with less pure clays. Possibly the fluxing effect of such 
materials as iron oxide and lime might greatly influence it.- 

Effect of Heat on Clay Impurities . — A lost of the fireclays con- | 
tain impurities in the form of sulfides and carbonates and also 
carbon in the form of lignite or bitumen. xAs the clay is heated 
in an oxidizing atmosphere, a great many reactions can take 
place with the eventual loss of the carbon and sulfur by oxida- 
tion.. There is no opportunity here to discuss these reactions 
completely, as they are of much more importance to the manu- 
facturers of heavy clay products than to the manufacturers 
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of refractories. However, Table 38 will give the more important 
reactions and the temperatures at which they occur. The 
upper limit of the temperature is not a very definite one, as 
it depends on the amount of excess air in the combustion gases, 
the permeability of the clay, and the size of the object being 



Fig, 132. — Thin section of fused kaolin. This microphotograph shows large 
m uliite crystals embedded in silica glass. The nearly square cross section of 
these crystals can be seen; 750 diameters with crossed Nicol prisms and gypsum 

plate. 

fired, as well as the interaction between the various impuri- 
ties. For example, if the pores of the clay contain C0 2 from 
oxidation of carbon, the increased partial pressure of this gas 
will delay the dissociation of a material like calcium carbonate. 
In all firing of clays containing considerable amounts of carbon 
or sulfur, the initial part of the firing process must be carried 
out sufficiently slowly to oxidize these products completely 
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before the surface pores of the clay are closed; otherwise the 
well-known black coring will occur. ' 

„/ Tab^e 38. — Breakdown Temperatures of Clay Impurities 


FeS 2 4 O 2 — » FeS + SOs 
4FeS + 70 2 -* 2Fe 2 Os 4- 4S0 2 
Fea(S04)3 — * Fe 2 03 + 3S0 3 
C + Os — * co 2 
S 4 O 2 — * SOo 
CaC0 3 -> CaO 4- CO* 

MgCOs -* MgO 4 CO 2 
FeCOs + 30 2 2Fe ? 0 3 4 4C0 2 

CaS0 4 -* CaO 4 S0 3 


°C. °F. 


350-450 

660-840 

500-800 

930-1470 

560-775 

1040-1430 

350 — ► 

660 -» 

250-920 

480-1690 

600-1050 

1110-1920 

400-900 
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Fig. 133. — Equilibrium diagram. The diagram on the left indicates the 
points that have been determined on the field boundaries by circles or by arrows. 
The points fixing the isobars are not shown here. 

The right-hand diagram gives a curve representing the relationship between 
the temperature and the pressure of oxygen with which magnetite 4 hematite 
can coexist in stable equilibrium. At the lower pressures it represents quite 
closely the true conditions. In the upper pressure region, however, it can be 
considered only as giving the order of magnitude of the pressure. ( Greig , 
P osnjak, Merwin, Sosman, Am. J. Sci .) 


The system of Fe 2 03 -Fe 3 04-02 is shown in Fig. 133. As the 
temperature is increased, a higher concentration of oxygen is 
required to hold the same ratio of Fe to O. 
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Effect of H* at on Oth r Hydrated Minerals . — The investigation 
of the relations between the structures, properties, and crystallo- 
graphic orientations of minerals with the OH ions and their 
corresponding oxides is very interesting, but to date only meager 
information is available. 

The crystalline breakup by heat of montmorillonite and illite 
has recently been studied by Grim and Bradlej*. (80o) Mont- 
morillonite shows a lattice breakdown starting at 600°C. (1110°F.) 
and complete at 80<J*C. (1470°F.). A spinel phase appears at 
SoO°C. (15bO c F.) but is all dissolved at 1300°C. (2370°F.). 
Mullite appears at 1 050° C. (1920°F.) and increases with increas- 
ing temperatures. Illite goes through the same kind of breakup, 
but mullite does not appear until 1100°C. ( 2010 °F.).- 

Gibbsite, Alt OH) a common constituent of high-alumina 
clays, has a layer lattice structure in which the A1 atoms lie 
^between six OH ions and the layers are packed in such a way that 
&ach OH of one layer is opposite an OH of the next layer. At 
temperatures as low ag 150°C. (300°F.), gibbsite loses some of the 
OH groups and boehmite AIO(OH) is formed, which on further 
heating above 275°C. I527°F.) forms 'y-Al 2 O s , (31) a kind of 
alumina with a spinel-like structure. A parallelism has been 
found between the crystallographic orientations of the original 
and the final crystals. 

On the (it her hand, diaspore, which is also a common con- 
stituent of the high-alumina clays, is more stable than gibbsite 
and does not lose OH groups until a temperature of 3oO°C. 
(660°F.) is reached. The reason for this is evident from its 
crystal structure; X-ray studies show that its formula should 
be written HAIO-. and we must think of the H as a small cation 
in the structure in twofold coordination between a pair of oxygens. 
Both boehmite and diaspore are dimorphous. On dehydration 
of diaspore, 7 -alumina is formed and, at 550°C. (1020°F.), 
starts to transform to corundum. The latter transformation 
is completed at 950°C. (1740°F.), and again there is a parallelism 
between the orientation of the original and the final crystals. 
This parallelism in crystallographic orientation illustrates the 
important role played by the crystal structure in the treatment 
of raw materials. 

It is interesting to note that in a similar fashion, goethite, 
HFe( ) 2 . dehydrates to hematite, Fe 2 0 3l and brueite, Mg(OH) 3 , 
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forms periclase, MgO ; in both cases, the original and final crystals 
are in parallel aggregates. Lepidocrocite, FeO(OH), transforms 
to Y-FeaOs, which is magnetic and has a spinel-like structure. 

At high temperatures, the oxides remaining from the low-tem- 
perature reactions, such as iron oxide, lime, and alkalies, react 
with the clay^ and form a glass that has a marked influence on 
the mechanical properties of the finished piece. The oxides 
also act to a certain extent as catalyzers or mineralizers to 
increase the rate of growth of the mullite crystals and thereby 
influence the finished products. It is highly desirable to produce 
in the clay body a sufficient amount of glass to allow recry st alliza- 
tion to take place and act as a bonding agent to give good 
mechanical strength. The lower the temperature at which 
this can take place the less expensive will be the burning opera- 
tion. On the other hand, it is undesirable to have too much or 
too fluid a glass in the finished refractory; in which case, it will 
show deformation at temperatures so low that its use will be 
limited. For example, refractories made from pure kaolin 
must be fired at comparatively high temperatures in order to 
complete the firing shrinkage and produce sufficient mechanical 
strength; but when so fired, they' give excellent refractory proper- 
ties. Less pure fireclays can be initially fired at much lower 
temperatures owing to the more abundant formation of glass, 
but tjpsC^fasslimits their upper temperature of use: 

FjfJinq* Shrinkage and Porosity of Clays . — When studying a 
nevrclay, one of the most instructive tests is the determination 
of the shrinkage and porosity when fired at different tempera- 
tures. This, information enables the prediction of the usefulness 
of the clay when used in a refractory for any particular purpose. - 
The methods used for measuring shrinkage are comparatively 
simple. A series of specimens carefully formed may be fired 
at a number of temperatures, and a decrease in volume or a 
linear dimension determined for each one. Also a continuous 
shrinkage curve for a clay can be made by increasing the tempera- 
ture at a steady rate and measuring the length of the specimen 
as described for shrinkage measurements' " in Chap. XVI. ‘ It 
should be noted that these values include the reversible expre&jg 
sion> As will be explained later Ato obtain consistent shrinkage 
measurements, the original specimens must be formed under 
exactly the same conditions of water content and pressure. - 
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The porosity of the fired specimen is due to both closed pores 
and open pores. The usual method of determining porosity 
which we call ‘‘apparent porosity” because it does not include 
the closed pores, may be determined by filling the pores with 
water or air. as described below. 

The apparent porosity of a small sample is usually measured by 
making three weighings: the first, the dry specimen; the second, 
the saturated specimen immersed in water; and the third, the 
saturated specimen suspended in air. ( 45c) It is quite necessary to 
be sure that the specimen is thoroughly saturated; and in order 
to do this, it should be boiled in water for 2 hr. Even with 
this precaution, there will be some closed pores that the water 
cannot reach; consequently this method generally gives a low 
value for the porosity. The porosity is determined from these 
three weighings by the following formula: 


P = 


ir - d 
Tr - a 


X 100 


where P = the percentage porosity 

11' = the weight of saturated specimen in air 
D = the weight of dry specimen in air 
A — the weight of saturated specimen in water 
The volume can be directly measured by a mercury volumeter to 
give a higher precision. The instrument described by Goodner <;!1) 
is convenient for this purpose. 

When the porosity of the full-sized brick is to be obtained, 
it will be found that the previous method cannot always be used 
because the water will run out of the pores when the weighing 
IT is made. The porosity is best obtained in this ease by a 
vacuum method, the principle of which is shown in Fig. 134. ~ A 
brick is placed in chamber A and sealed tight. The chamber 
P is empty but oi known volume. Chamber A is then connected 
to a vacuum pump and pumped down to a vacuum of about 
iOO mm. The connection to the pump is then closed; the 
connecting cock between the two chambers is opened; and the 
change in reading of the manometer is noted. The porosity 
of the brick is then calculated by the following formula, using 
the constants of the apparatus. 



- (V a - V) 
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where S = the pore volume 

V = the volume of specimen (bulk) 

V a — the volume of chamber A 
Vb = the volume of chamber B 
p 2 = the equilibrium manometer reading 
Pi = the evacuated manometer reading 
The precision of the instrument can be checked at any time 
by measuring the porosity of a block of iron or any -other non- 
porous material, which should, of course, work out to be zero. 



Fig. 134. — Apparatus for obtaining the porosity of a brick by the vacuum 

method. 

This method is rapid and reasonably precise, as air can find its 
way into smaller pores than can waters' 

It will be noted in the formula given above that the bulk 
volume of the brick is required. In some cases where the brick 
is even and smooth in size, the volume can be determined by 
linear measurements; but usuall} 7- it is better to obtain the volume 
directly, which is most readily accomplished by saturating the 
brick with melted paraffin. The surplus is carefully wiped off; 
the brick is then immersed in an overflow can, as shown in 
Fig. 135; and the displaced water weighed or measured. " 

J The volume can also be obtained by immersion in mercury <40) 
or sand. The former method is accurate but requires consider- 





294 


REFRACTORIES 


able clean mercury, which is not always convenient. The 
latter method is simple but not very precise unless great skill is 
used in packing the sand to exactly the same extent each time. 

The determination of the closed pores is best carried out by 
grinding the specimen fine enough to break into all the pore 
spaces and then measuring the true density of the powder by 
the well-known picnometer method (Chap. XIX). From the 



Fit*. 13,3. Aa overflow ran for measuring the volume of a brick. 

values of true density d, and bulk density d b of the original 
specimen, the true porosity, be., the total volume of the closed 
and open pores in relation to the bulk volume, can be deter- 
mined by the following formula: 

tit — d b 
P ~ dt 

Table 39 shows the relative amount of closed and open pores in 
some ref r act cries. ' 33 

Table 89. — Precision of Porosity Determinations 


Material 


Average 

specific 

gravity 


Average true 
porosity 


Error due to 
closed i > ores 
by water 
method 


Error due to 
closed pores by 
vacuum-method 


Silica brick, 

Magnesite brick. 

Flint-clay firebrick 

Plastic-clay firebrick 


; 2.31 to 2.33 ; 27.2 to 2S.3 j 0.3 to 1.9 — 0.15 to -0. IS 

3.54 to3.:>G i 2o.es to 29.0 0.3 to 1.1 0.0 to 0.3 

2.07 to 2. 72 | 27.7 to 32.0 I 3 . 7 to 10.2 1.5 to 7.0 

2.00 to 2.00 22.8 to 15.0 I 1 .0 to 4.0 0.0 to 0.3 
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The firing shrinkage and porosity are influenced quite markedly 
j,y the conditions under which the specimen is molded. Obvi- 
ously, the more densely the raw clay is packed the less will be 



Pig. 137. — Raw plastic clay, Missouri. ( J . Am. Ceram. Soc.) 


the firing shrinkage when carried to a gi'f'en final porosity. 
Therefore, high pressure in molding, proper water content, 
and the fineness of the clay all influence the amount of shrinkage. 

Figures 136 to 140 show curves of shrinkage and porosity 
values for a number of typical fireclays. These illustrations 
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give a general picture of the shrinkage and porosity values of the 
clays; but for any particular problem, firing tests should be 



made under the exact conditions to which the clay will be 
subjected. 

7 In Table 40 are given average porosity values for some typical 
refractories. 

| 2. Firing Properties of Nonclay Refractory Materials. Silica:- 
J^liea, one of the most important of refractory minerals, has 
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received a great deal of study, and consequently more data on 
its properties are available than on any other mineral. The 
most complete treatise on silica is that of Sosman, (66<l) which 



Fig. 140. — Dean flint clay, Pennsylvania. ( J . Am. Ceram. Soc .) 


Table 40. — Porosity of Refractories 


Average 

Porosity, 

Type of Brick Per Cent 

Hand-molded fireclay 24 

Stiff-mud fireclay 21 

Dry-pressed fireclay 22 

Kaolin 18 

High alumina, 70 per cent 32 

Magnesite 23 

Magnesite, chemical bond 11 

Silica 25 

Forsterite 25 

Chrome 23 

Chrome, chemical bond H 

Tank blocks, flux 20 

Tank blocks, grog 7 

Tank blocks, fused 9 

Silicon carbide, clay bond 20 

Insulating firebrick, 2.5 lb 75 

Insulating firebrick, 1 lb 90 


the reader should consult for many of the details for which space 
is not available here. 

In nature, silica is very common and most often occurs as the 
mineral quartz. It is found in many different types of mineral 
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deposits, is an essential constituent of such acid igneous rocks 
as granite and rhyolite, and also occurs in veins, in sedimentary 
rocks such as sandstones and quartzites, and in unconsolidated 
river and beach sands. 



Fi'i. 141. - Polymorphous modifications of silica and their stability ranges. 
t R. B. Sosnian. “The Properties of Silica,” New York , Chemical Catalog Com- 
ng, Inc.; Reinhold Publishing Corporation , 1927.) 



Fio. 142. Models showing the arrangement of atoms in various polymorphic 
modifications of silica, SiO«. (a) High cristobalite, (b) low cristobalite, (c) high 
tridymitc, id, high quartz, U) low quartz. The silicon atoms are not visible 
because they are small and nestle in a tetrahedron formed by four oxygen atoms. 
The models do not have similar crystallographic orientations. Note that the 
low-temperature forms are more closely packed than the high-temperature 
forms. See page 299 for further discussion. 

Quartz can be transformed by heating into a number of poly- 
morphous modifications. These forms, together with their 
stability ranges, are shown in Fig. 141 taken from Sosman.* / 

/ There are at least six crystalline varieties of silica: quartz, 
t ridymile. and cristobalite, and each of these has a high- and a 
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low-temperature modification. All the varieties are character- 
ized by a three-dimensional network of Si0 4 tetrahedrons, each 
corner being shared with neighboring tetrahedrons. Thus a 
silicon atom is always shared by two oxygens, which checks the 
formula Si0 2 , long ago determined by chemical analysis. 

Figure 142 shows models that illustrate the manner in which 
the atoms are arranged in high- and low-temperature cristobalite, 
high-temperature tridymite, and high- and low-temperature 
quartz. The silicon atoms nestle in the center of four oxygen 
atoms and are not visible in this picture. The models are not 
arranged in a similar crystallographic orientation but rather 
to show the major features of each structure. One immediately 
apparent feature is that cristobalite and tridymite are more open 
packed and have large holes whereas the atoms in high- and 
low-temperature quartz are tightly packed together and form a 
close-packed structure free from large holes. Hence,’ "the density 
and refractive indices of tridymite and cristobalite are very 
similar, but they differ considerably from those of quartz, as is 
shown in Table 41. v 


' Table 41. — Density of Forms of Sirica. 
At Room Temperature 


# 

Index of refraction* 

Density f 

Donsitvf 

Quartz 

1 e = 

2.65 

2 . 653-2 . 660 


(co = 1 . 544 ) 

« 1 . 469 ) 



Tridymite 

: 

\(5 = 1.473> 

1 (<r - 1.470) 

2.26 

2.28-2.33 

Cristobalite j 

1 . 486 

2.32 

2.27 


* Larsen and Berman. (7 *«) 
t Rogers. 
t Dana. (77 "> 

vQuartz is remarkably pure, and consequently the values for its 
indices of refraction and density are usually very closely alike. 
There are only meager data on the chemistry of tridymite and 
cristobalite, but the data that are available indicate that they 
are usually impure and consequently vary in density and refrac- 
tive index. On the other hand, it is quite possible that these 
variations may be due to the little care usually given to the 
selection of material for such measurements.. -y 



REFRACTORIES 


mtt 

In all cases, the high- temperature forms have a higher sym- 
metry than the low-temperature forms. Note that the diagonal 
groups of tetrahedrons in high-temperature cristobalite form 
nearly a straight line whereas in low-temperature cristobalite, 
they form a puckered chain; the same is true in the high- and 
low-temperature-quartz relationship, although the effect is less 
apparent in the picture. The differences between the linking 
of the tetrahedrons in the high- and in the low-temperature 
forms of each mineral are slight, but they are considerable in 
quartz, tridymite, and cristobalite. When a high-temperature 
form is transformed to a low-temperature form, the tetrahedrons 
are shifted and rotated but none of the links is broken and 
consequently the high-low transformations of each mineral are 
rapid and reversible (see. Fig. 141):' : These inversions are 
accompanied by volume changes, given in Table 42 below, 
together with the heat effects that produce them. 

Table 42. — Density Changes Accompanying Inversions 


Form 


Density change 


Heat effect, 
g. cal. per g. 


I Quartz, low-high 

-Crist oba 1 it e, low-high 
T r lymite. low-lower high. . . 
ivraite, lower high-high . . . 


-0.02 4.5 

-0.04 5.0 

- 0.01 > 1.0 

0.00 


The structures of the minerals quartz, tridymite, and cristo- 
balite are quite different from one another, and the transforma- 
tion of one to the other requires a marked change in the linking 
of the tetrahedrons. Consequently, these transformations are 
extremely slow, and tridymite and cristobalite can exist inde- 
finitely in the metastable state at room temperature. In fact, 
it is impossible to form quartz from either tridymite or cristo- 
balite by strictly thermal reactions.- * 

The sluggish inversions that are so important to the manu- 
facturers of silica refractories can be greatly influenced by other 
materials called £ ‘ mineralizers.” A great deal of work has been 
done on the effect of mineralizers in changing quartz to cristo- 
balite or tridymite in the kiln; and many of these are noted in 
the references at the end of the ehapter. (51 ’ 60 ’ 61 ' 62 ’ 64 ' 72 ’ 73 ’ 74f75 ' 85,87) 
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The most common one is lime, which is used in most of the 
commercial silica bricks, partly as a bond and partly as a mineral- 
izer, to hasten the conversion of the quartz to cristobalite and 
tridymite /(Fig. 143). Many other mineralizers have been 
suggested, such as fluorides, titanium dioxide, boric oxide, 



Fig. 143. — Thin section of silica refractory showing a typical wedge-shaped 
twin crystal of tridymite. There are several less distinct crystals in the field. 
The surrounding material is cristobalite; 750 diameters, with crossed Nicol 
prisms and gypsum plate. 


ferric chloride, (76) and sodium chloride. It should be remem- 
bered, however, that in commercial production, it is undesirable 
to cause the inversion to proceed with too great rapidity; for 
if the volume change proceeds too fast, it will rupture or make 
unsound the structure of the bricks 
jKyanite and Associated Minerals . — Kyanite (triclinic), andalu- 
dte (orthorhombic), and sillimanite (orthorhombic) all have the 
formula Al 2 Si0 5 . v The structural relations of these minerals 
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are complex, and for a general discussion the reader should see 
Bragg. r - b < >n heating, they change over to mullite and glass or 
to mullite, glass, and cristobalite. The crystalline breakup 
of these minerals has been thoroughly studied by Greigd 8s J 
and the temperature ranges are shown in Table 43 below. 


Ta 


13. — Temperatures of Siuca-at/umixa Mixkkals 


Mineral 


Kyanite ! Audalusitc | Sillimaiute 


I ion starts. . . . 

< Omplere posit ion 4. 

Peak on Thermal curve. .. 
Density before firing 


1 100°C. I 
(2010°F.) | 
1410°G I 
(2570°F.) | 
1420°C. ! 


1410°C. 

(2570°F.) 

1500°C. 


| 15oO°C. 

(2820°F.j 
1625°C. 
(2960°F.) 
1560°C. 
(2840°F.) 
3.3 


(2730°F.) 
1510°C. 
(2590°F.) | f2750°F.) 
3.6-3. 7 3. 1-3.3 


ifi-Uit-ntiun' vuri*** with rate of heating and size of grains. 


As the density of the mullite is 3.16 and the density of the 
silica glass and cristobalite Is less, it is obvious that there must 
Ik 1 an (expansion in volume during the conversion. This expan- 
sion is particularly evident in the case of kyanite, which has the 
highest original density, but shows only to a very small extent 
with rhe other two minerals. The expansion of kyanite on> 
heating' may be a valuable property when combined 

with clays, as it offsets the shrinkage of the clay. Unfortunately, 
however, the expansion of the kyanite takes place through a 
rather small temperature interval, whereas the shrinkage of the 
clay continues over a much longer range; consequently the two 
effects do not exactly balance each other. As will be shown 
later, however, a refractory can be produced that will have 
exactly the same fired volume as the initial volume. The 
expansion characteristics of kyanite are dependent a great deal 
on the size of the grains, a fact that should be taken into account 
when considering the total expansion. -■ 

- Topaz. — Topaz, A1 2 SiO .)(F,OH) 2 y which, has recently been 
found in some quantity in South Carolina, ^contains enough 
alumina to form largely mullite on firing.. ( ^ 6) The fluorine 
accelerates the reaction but is eventually completely driven off 

together with the water. 
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[agnesite.-^ -The firing properties of magnesite depend largely 
on its composition. For refractory purposes, a dense, low- 
porosity material is desired. On heating the raw magnesite, 
the CO 2 is driven off at temperatures between 400 and 900°C. 
(750 and 1650°F.), forming immediately the only known form 



Fig. 144. — Thin section of Grecian magnesite burned, at 1790°C. (3250°F.), 
which shows the rather typical honeycomb structure of calcined magnesite, and, 
in addition, small birefringence areas between the boundaries of the small grains. 
The latter is due to small amount of impurities reacting with the magnesite at 
high temperatures; 60 diameters, with crossed Nicol prisms and gypsum plate. 

of MgO, periclase. At first these crystals are so minute that 
they can he detected only by means of X rays ; but with increasing 
time and temperature, they grow until they form the usual 
honeycomb structure^shown in Fig. 144. v It should be remem- 
bered, however, that the „ periclase crystal is cubic and not 
hexagonal .’ / 

v The burned magnesite has a true density of 3.55 to 3.63 and a 
porosity of 15 to 27 per cent. The greater the impurities present 
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and the higher the firing temperature the lower the porosity. 
It is desirable to fire the grain well so that no appreciable shrink- 
age will occur on firing the brick. 

The bond in magnesite refractories is mainly glass, but crystal- 
line material such as forsterite does occur. Iron oxide, in the 
form of finely divided magnesioferrite, Mg.Fe 2 0 4 , occurs to 
the extent of 7 or 8 per cent in some types of magnesite, which 
allows the production of a strong and dense product at tempera- 
tures very much lower than would be possible with the pure 
magnesia. Other impurities such as lime, silica, and alumina 
glass, which acts as a bond. The burning process is dis- 
cussed in the references. <y4 “ 109) 

4 j Lime . — Calcium carbonate can be decomposed readily * to 
calcium oxide; and on heating at temperatures as low as 1400°C 
(255Q°F.), crystals of calcium oxide can be formed. Such 
crystals are chemically much more stable than the low-calcined 
lim£ and undoubtedly would serve as an excellent basic refractory 
if /hey could be properly protected from moisture. 

^ J Zirconia , — There are a number of polymorphous modifications 
of zirconium dioxide, and for a general review the reader should 
see the papers by Ruff and Ebert, <110) Cohn, < 1161 and Clark and 
Reynolds. 116 The natural mineral baddeleyite is monoclinic. 
Pure monoclinic ZrO a , often called the “C form/' is stable up to 
1000°C. (1830°F.) where it is transformed to the B form, which 
is tetragonal; this transformation is reversible. The tetragonal 
form is transformed irreversibly at 1900°C. (3450°F.) to the At 
form, which is trigonal. The A* form is transformed to the 
A t form, which is also trigonal, at 625°C. (1160°F.), an inversion 
that is rapid and reversible. 

It should be remembered that the inversion temperature and 
the crystallographic modifications obtained at various tempera- 
tures are dependent to a large extent on the composition and 
impurities that are present. This is again true in the ZrOs 
system. If the nitrate, oxychlorate, oxylate, or certain hydrox- 
ides of zirconium are heated, the tetragonal form is obtained 
at temperatures, around 600°C, (1110°F.). This tetragonal 

fo/m is metastable and is converted to the mono clinic form on 
further heating. The tetragonal form is also obtained if pure 
zirconia is heated in the presence of silica at about the same 
temperature; but whereas the tetragonal form obtained by 
heating the above-mentioned compounds of zirconium is trans- 
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formed to the monoclinic form on further heating, the silica- 
bearing form remains tetragonal up to 1460°C. (2660°F.) where 
it is transformed to zircon, ZrSi0 4 . If certain oxides such as 
MgO and CaO are present, a cubic form is obtained at about 
1700°C. (3090°F.)- This isometric form does not transform on 
cooling and is obtained only in the presence of the oxide impuri- 
ties (other types of impurities might act in the same way). 
Less than 3 per cent magnesia in solid solution will give rise to 
the isometric form, and the maximum amount of magnesia that 
exists in solid solution in Zr0 2 is about 28 per cent, which cor- 
responds to the formula Mg 2 Zr 3 0 8 . * ’ 

The most useful compound of zirconium other than the oxide is 
zirconium Abdicate, which corresponds to the natural mineral 
zircon, ZrSi0 4 . This is a stable mineral and can serve as a 
useful .Refractory material.'-"'" 

■ Chromite . — Chromite is the natural spinel-type mineral of 
theoretical formula FeCr 2 0 4 . It is thermally stable and appar- 
ently undergoes no polymorphous modifications up to the fusion 
point. However, the natural mineral always contains impurities 
in solid solution, such as Ca, Mg, and Al, and admixed mineral 
impurities such as the silicates. Silica, if in large quantity, h 
objectionable, as it forms considerable quantities of glass on heat- 
ing, which lowers the mechanical strength of the chromite refrac- 
tories at high temperatures. The addition of MgO in the right 
amount to form the compound forsterite will diminish the amount 
of glass and provide a superior refractory (see the patents of 
Seil (128 ’ 134 0- Recently, considerable study has been given to 
bricks of mixtures of magnesite and chromite, (123 ’ 125 ’ 126 ’ 129 ’ 131 ’ 132) 
which have given trouble, because of a gradual growth due 
to absorb tion of iron oxide. Chrome-silica bricks (120 * 121) and 
chrome-alumina bricks ( 12 4) have been suggested.^' 


Table 43a 


Si0 2 

Quartz 

Cristobalite 

Tridymite 

Zr0 2 

Baddeleyite 

! 

B-Zr 2 03 

A-Zr 2 0 3 

Tx0 2 

Brookite 

Anatase 

Butile 


' Titania . — Titanium dioxide also has several modifications and 
Cohn (115) has suggested the interesting analogy between Si0 2 , 
Zr0 2 , and Ti0 2 as shown in Table 43a. J 
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Magnesium Silicate Minerals. — There are a number of minerals 
of this class such as olivine, talc, and serpentine, which may form 
the basis of forsterite refractories. (140 ' 141> la most cases, suffi- 
cient magnesite must be added to the natural mineral to convert 
the low-melting metasilicate to the high-melting orthosilicate. 
The amount of magnesia added as well as the grain sizes of the 
various minerals are quite important and aie oo\ ei ed b\ patents 
such as that of Goldschmidt/ C186,137> 

3. Solid Reactions. Importance in Ceramic Processes. — A 
great many ceramic firing processes take place w ith little or no 
liquid phase present ; accordingly many believe that the reactions 
go on entirely between solids. In spite of the great importance 
of these types of reactions, it was not until recently that a 
thorough study w'as made of this phenomenon, although as 
early as the year 1909, Wright pointed out the fact that calcium 
oxide crystals would grow rapidly at least 1000°C. (1830°F.) 
below their fusion point. Alost of the recent woik in this field 
has been carried out in Germany by G. T am maim and his 
eoworkers and by Goldschmidt. A very good resume of the 
subject is given by Taylor. (156) 

Mechanism of Solid Reactions. — Solid reactions apparently 
take place because of loosening of the atomic bonds by thermal 
agitation, which permits mutual diffusion of the various atoms 
into the adjacent parts of the structure. The solid reactions 
can be divided logically into two groups: the first in which we 
simply grow large crystals from small ones and the second group 
where we produce a new type of crystal from two dissimilar 
ones. 

The process of diffusion is greatly influenced by many factors 
in addition to the composition of the original crystals. In 
the first place, it has been found that the solid reaction progresses 
much more rapidly at a temperature w T here one of the crystals 
involved passes through an inversion point. For example, if a 
solid reaction is going on between quartz and another mineral, 
the reaction 'would be greatly accelerated at a temperature of 
573 °C. (1063°F.), Avhere the low-temperature quartz changes 
to the high-temperature form. This is probably due to the 
loosening of the bonds at the inversion point and permitting of 
much greater rates of diffusion. It has also been found that 
gases, such as water vapor and fluorine, act as mineralizers arid 
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greatly accelerate the solid reaction. Again the reactions proceed 
much more rapidly, as we would expect, when the reacting 
particles are fine and in intimate contact. It has also been found 
that the reaction can be accelerated by seeding the mass of react- 
ing crystals with a few fragments of the new crystal to be formed. 

One example of solid reaction is the production of periclase 
crystals of considerable size at temperatures far below the soften- 
ing point. This is the type of reaction where fine crystals are 
changed into large crystals of the same kind. Another example 
is the production of spinel from magnesium oxide and al um ina 
Here an entirely new crystal is formed, and this can be carried 
out at temperatures far below the point where any liquid could 
be formed in the system. 

There is some evidence that solid reactions may be caused 
by the transfer of material in the vapor state, i.e., a kind of sub- 
limation. This is a field needing more study. 

4. Firing Properties of Refractory Bodies. — It is seldom 
desirable to produce a refractory directly from a raw plastic 
clay because of the large shrinkage and distortion that would 
occur in firing. A reduction in firing shrinkage is a very desirable 
accomplishment for the following reasons: 

1. It permits the production of a fired refractory that will 
be close to the desired dimensions. 

2. It prevents warping of the refractory on firing. 

3. It permits a greater weight of finished bricks to be fired 
in a given kiln. 

4. It makes it unnecessary to control the maximum tempera- 
ture of firing as carefully as when large shrinkages occur. x 

Use of Grog . — One of the simplest methods of reducing the 
firing shrinkage of a refractory is by introducing a nonplastic 
material, such as grog, an ancient expedient mut one that carries 
a patent history. (163 ’ 164 ’ 175 ’ 176 ’ 17S ’ 179 ’ 1S2) As this material has 
already been fired and has reached a stable volume, it acts some- 
what as a skeleton to hold the brick together in a stable form 
during the firing operation. Figure 145 shows a curve of firing 
shrinkage and porosity of a mixture of kaolin and grog burned 
to a temperature of 3000°F. for 2 hr. The grog was sized for 
dense packing, bonded with raw'’ Georgia "kaolin, and formed in a 
mold by hand. It is interesting to note that the grog alone has a 
3 per cent linear shrinkage when fired at this temperature. 
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Careful microscopic studies of individual pieces of the same grog 
fired at the particular temperature showed no volume change 
and no rounding of the corners; but apparently when the grog 
is formed into a mass of particles in contact the suiface tension 
or pressure effects are such as to cause rounding of the sharp 
points and edges sufficient to produce welding and shrinkage. 

It is also interesting to note that bond clay can be added 
up to approximately 25 per cent without any change in the burn- 
ing shrinkage. As the volume of voids in this grog is approxi- 
mately 25 per cent of the bulk volume, it will be seen that the 



bond is simply acting as a filler in the pore spaces and that when 
it shrinks, it does not affect the volume of the whole piece, since 
this is governed by the grog. However, when the amount of 
bond is increased beyond 25 per cent, the total shrinkage begins 
to increase more and more rapidly until 100 per cent of bond is 
reached. This Is due to the fact that thicker and thicker films 
of shrinking bond are built up between the grog grains. ■ 

Expanding Minerals .- — The shrinkage of a refractory clay can 
also be controlled by adding a mineral that expands on firing. (43) 
Such a mineral may be kvanite, which, mixed with clay in the 
raw state or with clay and grog, will give a very definite expansion. 

To illustrate this, a few mixes were made by Lane C92a) using 
the proportions given in Table 44. 
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These mixes were molded in a dry press and fired to various 
temperatures at which they were held for 3 hr. The shrinkage 


Table 44. — Kyanite-clay Mixes Illustrated ix Fig. 146 


Mix 

Dense kaolin grog, 
per cent 

Raw N. C. kyanite, 
per cent 

Raw kaolin, 
per cent 

A 

85 

0 

15 

B 

81 

4 

15 

C 

77 

8 

15 

D 

73 ' 

12 

15 



Temperature, Deg.F. 


^ Fig. 146. — Expansion caused by kyanite. 

curves are shown in Fig. 146. It will be seen that the kyanite 
gives a real expansion over the range from 2350 to 2600°F. 
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but beyond this point shrinks faster than the grog and clay mix- 

a disadvantage when it is attempted to make a refractory to be 
volume constant at temperatures higher than the original firing 
However, the 12 per cent kvanite mixture has the same volume 
at a firing temperature of 2975°F. as when molded. Kvanite 
having too coarse grains ruptures and weakens the structure 
whereas too fine grains give little or no expansion. Grains of 
all one size break down over a very small temperature range 
giving an undesirable peak in the expansion curve. 

The minerals sillimanite and andalusite were also tried out 
in similar mixtures; and although they showed a small amount of 
expansion, they were not nearly so effective as the kvanite. 

It is theoretically possible to add a high-density mineral 
like fused alumina to a mixture of grog and bond, which after 
long heat-treatment will dissolve in the glass and form mullite 
of lower density. Practically, however, this solution goes on 
with extreme slowness and seems difficult to carry out in a 
practical way, although such a method is suggested in a patent of 
Lambie and Ross.' 44 

Bloating . — Reduction of shrinkage can also take place if the 
clay bloats or forms bubbles in the glass owing to breaking up of 
sulfides, carbonates, etc. This increase in size by bloating mav 
account for the expansion of some of the high-alumina clays and 
flint clays in firing, but a great deal more work needs to be done 
on this question before we will know the exact mechanism causing 
it. Bloating, if it occurs to any great extent, is not particularly 
desirable, as it is hard to control and will not occur under any 
appreciable load. Therefore, a shape being fired may show no 
change in horizontal dimensions but may shrink materially in a 
vertical direction. 

Molding Conditions . — Shrinkage is also more or less dependent 
on the conditions of molding, as shown by the curves in Fig. 147 
for various water contents and molding pressures of kaolin and 
water mixtures. In fact, it will be observed that the burning 
shrinkage is sharply decreased by increasing the water content 
bey ond the critical value of 25 per cent for low molding pressures. 
Also, the higher the molding pressure the lower is the burning 
shrinkage. # For a given material, a maximum shrinkage in 
burning can be determined from the density of the dried or 
partially fired specimen (allowing for ignition loss). This is 
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shown by the curve in Fig. 148, where the density values are 
plotted against the maximum linear shrinkage based on the 
condition of the specimen when the density is determined. This 
curve applies to both fired and unfired specimens. For example, 
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Fig. 147. — Curves showing the burning shrinkage of kaolin for various water 
contents and molding pressures. 

if an unfired specimen has a density of 1.46, it will eventually 
shrink 22.0 per cent, to the condition of maximum density. 

• Control of Porosity . — The porosity of a refractory is of great 
importance, as a low porosity gives better resistance to slag 
attack and a higher porosity, in general, gives better resistance to 
spalling. Also, a low-porosity material has a high thermal 
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conductivity, whereas a high-porosity material such as an insulat- 
ing brick has a low value. It is important, therefore, that a 
manufacturer of refractories be able to control the porosity to 
suit the particular conditions for which the brick is used. 

Porosity, in the same way as shrinkage, is controlled to a 
large extent by the molding conditions; i.e., high pressures in 
molding giye a more densely fired structure. Also, high firing 



I Fig. 14S. — Curves showing the relation between density and maximum linear 
shrinkage for kaolin. 

temperatures give low porosities but at the same time are apt to 
produce distortion. 

Perhaps one of the best ways of controlling porosity, especially 
for producing low-porositv refractories such as glass-tank blocks 
and slag-resisting brick, is to control the grog size carefully. 
This is considered so important that many modern refractory 
plants are controlling the grain size of a grog with great exactness. 
Much work has been done on the packing of grog particles 
to produce a structure of the lowest possible density^tts noted in 
Chap. \ II. Figure 149 shows the shrinkage and porosity curves 
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for a densely packed grog body having 15 per cent of clay bond 
fired at various temperatures. 

v Chemical Control . — In making certain types of refractories, it is 
impossible readily to obtain raw materials that are free from a 
certain objectionable impurity. This impurity can sometimes 
be converted into a nonobjectionable material by adding a 
mineral that will combine with it and form a higher fusing com- 
pound. An example of this which was briefly mentioned before 
is the addition of magnesium oxide to chrome ore in such an 
amount that it will combine with the silica and form the mineral 



Fig. 149. — Shrinkage and porosity curves for a closely packed grog having 15 per 

cent bond clay. 


forsterite, (134) the highest melting compound in the magnesia- 
silica system. 

Another example is the production of forsterite refractories, 
where many of the natural materials, such as olivine, produce 
excess silica in the form of glass or cristobalite when fired. 
Magnesium oxide added in the correct amount xvill combine 
with the silica to form additional forsterite. , 

- 5. Melted and Cast Refractories. — For certain purposes, 
particularly in the production of glass-tank refractories with a 
minimum of porosity, it has been found desirable to produce 
refractories by fusing the raw materials in an electric furnace 
and pouring the melted refractory into a sand mold to form the 
desired shape. The melting process itself permits some purifica- 
tion of the raw materials, (1) by the reduction of iron oxide to 
metallic iron and (2) by the elimination of some of the silica by 
volatilization or combination with the iron to form ferrosilicon. 
The easting itself is practically nonporous; and by governing 
the rate of cooling, the size of the crystals can be regulated 
as desired. This process, although comparatively expensive, 
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seems to be justified for producing special refractories, such as 
mullite and alumina blocks for glass tanks. <184a ' 185a,186,is ' ) 

6. Specific Heat. — The term “specific heat” has been used 
in the ceramic literature rather loosely and, in man\ cases, has 
been applied not only to specific heat values but to values of 
latent heat of association, inversion, or crystallization. Specific 
heat may be defined as a number expressing the latio of the heat 



P Fig. 150. — Apparatus for measuring specific heat by the calorimeter method. 

quantity required to raise, respectively, 1 g. of the given material 
1°C. at a definite temperature and 1 g. of water from 19.5 to 
20.5°C. Specific heat can correctly refer only to the heat 
required for raising the temperature of a thermally stable 
material that is free from any changes through the measured 
interval. We can, therefore, correctly speak of specific heat as 
applying to stable refractory materials that have been previously 
fired to complete all irreversible reactions and that have no 
reversible changes in the temperature range being measured. 
For example, the specific heat of quartz is continuous up to 573°C. 
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(1063 °F.), where a crystal change takes place giving off a small 
amount of latent heat of inversion that must be added to the 
specific heat to give the total heat content. The use of the term 
specific heat for raw clays, as is often done, is very unfortunate. 

'Method of Measure?nent . — The measurement of specific heat 
can be carried out with considerable accuracy by the calorimeter 
method. In this determination, the specimen is heated in a 
suitable furnace to a known and uniform temperature and then 
dropped suddenly into a calorimeter which can be immediately 
immersed in water. The heat content of the specimen is then 
determined by the rise' in temperature of the water and the 
constants of the apparatus. Equipment for the high-tempera- 
ture measurements of specific heat is shown in Fig. 150. This 
apparatus, as used by Wilkes, (209) is laid out to give a quick drop 
of the sample into the specimen chamber with the elimination, 
necessary for precise work, of splashing and steam losses. - 

Values . — In Table 45 are given values of specific heat for a 
considerable number of stable refractory materials. Some of 
the minerals, such as quartz, eristobalite, and zirconia, have 
reversible inversions, but these are small in effect and are 
included by the experimenter in the value for specific heat. 

7. Heat Quantity Required to Raise the Temperature of 
Clays and Ceramic Bodies. Method of Measurement . — The 
determination of the heat required to raise a clay to a certain 
temperature is a very difficult measurement because the calorim- 
eter method, which can be used for stable materials, is not 
applicable here. The heat given up on cooling is quite different 
from the heat absorption in raising the temperature. It is, 
therefore, necessary to find some way of actually measuring the 
heat going into a given specimen as it is raised through definite 
temperature intervals. A number of methods have been used to 
make these measurements ; but because of the inherent difficulties 
of measuring the heat directly absorbed by the specimen, the 
results are not highly precise; and a great deal of work is still to 
be done in this field before we will feel sure of the values. J 

One of the methods, used for this purpose by ISTavias, (19S) 
consists in heating the specimen of clay with a surrounding 
platinum coil which is, in turn, enclosed in a vacuum jacket to 
prevent possible escape of heat to the outside. Nevertheless, 
during the rather long period of test, some heat is lost. This is 
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Table 45. — Values of Mean Specific Heat 


Altunina, fused. 


Alumina, pure. 


. 20-200 
1 \ 20-400 

: - 20-600 
I 1 20-800 
20-1000 

30-100 

30-300 

30-500 

30-700 

30-900 

30-1100 

30-1300 

30-1500 

30-1700 


Investigators 
W. CohnT-ooP 


R. Wietzel 1 - 190 ) 


Y. TadokoroCi 9 '"') 


Fireclay brick - 


Fireclay brie* 


brick — SS per cent 


Mullite, 3Ab0r2Si0 2 


Porcelain, fired. 


25— GOO 

0.228 

25-1000 

0.265 

25-1200 

0.284 

25-1400 

0.297 

600 1 

0.227 

1000 

0.263 

1200 

0.262 

200 

0.204 

400 

0.222 

COO 

0.236 

800 

0.248 

1000 

0.256 

1 200 

0.263 

375-400 

0. 181 

590-680 

0.193 

30-100 

0.234 

30-300 

0.247 

30-500 

0.259 

30-700 

0.269 

30-900 

0.277 

30-1100 

0.283 

30-1300 

0.288 

30-1500 

0.291 

30-1700 

0.294 

30-1800 

0.295 

25—605 

I 0.265 

25-825 

0.274 

25-930 

0.280 

25-1041 

0 . 285 

25-1115 

0.292 

20-200 

0.161 

20-400 

0.167 

20-600 

0.173 

20-800 

0.175 

20-200 

0.195 

20-400 

0.212 

20-600 

0.232 

20-800 

0.264 

20-1000 

0.304 


Bradshaw and Emery' 19 <j 


J. W. Mellor and others 


E. Heyn and others* 19 " 


P. N. Laschtchenko 


G. B. WilkesCsos) 


A. T. GreenO 9 ") 
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Tvble 45* — Values of Mean Specific Heat. — ( Continued ) 


Material 

Temperature 
range, °C. 

Mean specific 
heat 

Investigators 

— 

/ 0-200 

0.201 

R. WietzeK 196 > 


0-400 

0.223 



\ 0-600 

0.239 


Quartz glass, SiOa 

) 0-800 

0.251 


\ 0-1000 

0.258 


/ 0-1200 

0.262 



0-1400 

0.269 



\ 0-1600 

0.278 



f 0-200 

0.203 

R. WietzeK 19 ®) 

Quartz, crystalline, SiOa 

) 0-400 

0.223 


} 0-800 

0.259 


f 0-1600 

0.271 



( 25-600 

0.226 

Bradshaw and Emery < 194 > 


) 25-1000 

0.263 


Silica brick 

\ 25-1200 

0.282 



f 25-1400 

0.293 



/ 0 

0.140 

O. Weigel as i) 


1 200 

0.233 


Silicon carbide, crystalline, SiC. . 

) 400 

\ 600 

0.277 

0.275 



i 800 

0.225 



V iooo 

0.129 


^Ferrous aluminate, FeO'AlaOs. 

50-1025 

0.25 

ParmeleeC 144 ) 

Magnesium aluminate, MgO-- 

MOs 

50-1025 

0.29 

ParmeleeC 144 ) 


, 0-243 

0.214 

A. E. MacGeeCaoa) 


( 0-399 

0.229 


Magnesium aluminate, MgO-- 
AlaO* 

\ 0-534 

' 0-632 

0.232 

0.250 


\ 0-783 

0.255 



f 0-886 

0.255 



^ 0-1042 

0.257 


Zinc aluminate Zr* Al^Os 

50-1025 

0.22 

ParmeleeC 144 ) 

Ferrous chromite, FeO-CraOs. . 

50-1025 

0.20 

ParmeleeC 144 ) 

Magnesium chromite, MgO-- 
Cr-Oa 

50-1025 ' 

0.22 

ParmeleeC 144 ) 

Manganese chromite, Mn.O*- 
Cr*>03 

50-1025 

0.18 

ParmeleeC 144 ) 

Zinc chromite, ZnO-CraOa 

50-1025 

0.18 

ParmeleeC 144 ) 

Ferrous ferrite, FeO-FeaOs. . . . 

50-1025 

0.23 

Parmelee< 144 ) 

.Magnesium fertile, IVtgO'FeaOa 

50-1025 

0.20 

ParmeleeC 144 ) 

Manganese ferrite, Mn-FejOs. . 
Z/mc forriLO, Zii0"Fg203. ...... 

50-1025 

50-1025 

0.21 

0.17 

Parmelee< 144) 

ParmeleeC 144 ) 


/ 25-600 

0.137 

Bradshaw and Emery< 194 > 

Zirconia — 99 per cent, ZrOa. . . *. - 

j 25-1000 

0.157 


I 25-1200 

0.167 



1 25-1400 

0.175 



measured by immersing the vacuum jacket in a water bath, 
which permits the heat escaping to be measured. By calibrating 
this apparatus with a material of known specific heat, the propor- 
tion of heat going into the sample and the proportion going into 
the container, coil, etc., can be calculated. A test is then made 
by heating the given sample to a certain temperature and holding 
it there until equilibrium is reached, the heat input being meas- 
ured by the number of watts supplied to the heater. The 
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Table 46 .—' The Heat Required to Burn Unfired Bodies 


Material 

Temperature, 

°C. 

Cal.* to heat 1 g. 
from 20° to t°C. 

Investigators 


' 0-200 

08 

A. K. MacOee'-ui) 

1 

0-400 

159 



o-ooo 

285 


J ' ; i 

0-800 

300 



0-1000 

405 



0-200 

70 

A. E. MucGec*' 201 ) 


0-400 

150 



0-4 >00 

274 



0-800 

350 


; 

0-1000 

450 


1 

0-200 

08 

A. E. MacGetC- 01 ; 

1 

0-400 

145 


j 

0-000 

268 



O-SOO 

337 


' j 

0-1000 

415 



0-1200 

507 


; 

200 

35 . 

W. CohndM) 

I 

400 

SO 



| 000 

201 


Fire clay, raw Chamotte < 

SOO 

243 



) 1000 

326 



1 1200 

452 


\ 

^ 1400 

572 



0-200 

79 

A. E. hlacGeeP'ui) 


1 0-400 

183 


Kaolin, Georgia 1 

0-000 

332 


| 

0-800 

402 



0-1000 

490 


j 

i 200 

37 

W. Cohn fl92 > 


t 400 

80 



J 000 

241 


Kaolin ; Z*ttii: z ! ^ 

J SOO 

333 



) 1 OOO 

420 


1 

1200 

489 


\\ 

^ 1400 

500 


: j 

i 200 

34 

W. CohnOss) 

Porcelain body 'green) 1 

400 

81 


'CIuv 'substance, 55 per cent I 

\ 000 

193 


Quartz, 22.5 per cent > ■ < 

800 

248 


Feldspar, 22.5 per cent; 

) 1000 

331 


1 

' 1200 

428 


\ 

^ 1400 

528 



* In the cases noted the initai temperature is Q°C. 
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temperature is again raised to another level; the additional heat 
input measured; and so on. From these values, a curve of heat 
input against temperature can be plotted. 

/White (193) and Cohn (200) supported a specimen of the clay in 
a small container in the center of a wire-wound furnace and 
determined the heat passing from the furnace wall to the speci- 
men by the temperature difference between the specimen and the 
furnace. By calibrating this apparatus with a specimen of 
known specific heat, the heat input for any given specimen can 
be computed. 

MacGee (201) used a differential thermal method in which a 
specimen of the clay and a specimen of a neutral substance of 
known specific heat were placed side by side in a wire-wound 
furnace. A differential thermocouple recorded the difference 
in temperature between the two specimens, from which the heat 
input to the clay sample through any temperature interval could 
be computed. 

Perhaps one of the most satisfactory methods, but one that 
has not as yet been applied extensively to clays, is that suggested 
bv Smith, (212) in which a comparatively thick-walled refractory 
crucible is placed in the center of a wire-wound furnace with the 
clay sample inside it. A differential thermocouple with the 
junctions respectively on the inside and the outside surface of 
the crucible is connected to a temperature controller which raises 
the furnace at such a rate that a definite temperature difference 
is always present in the avails of the crucible. The heat input 
to the sample is always constant for given time intervals, assum- 
ing no change in conductivity with small temperature changes. 
Therefore, a plot of furnace temperature against time will 
enable a curve of heat input against temperature to be established. 
It should be noted that unlike the other methods, calibration 
factors are not necessary, provided the thermal conductivity 
of the crucible wall is known. •' ^ 

In Table 46 will be found values for the heat required to 
raise various types of clays and ceramic bodies to definite 
temperature levels. 
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KILNS FOR BURNING REFRACTORIES 


We know that kilns have been used by man for many thou- 
sands of years, as their remains are frequently found in the 
excavations of ancient sites of early civilization. These primitive 
kilns were of the updraft type and, in most cases, consisted only 
of a firing chamber, a perforated floor, and a wall. The con- 


Fig. 151. — A Chinese kiln with a number of sections. It is lighted at the 
bottom, the waste gases preheating the higher chambers, and the cooling of the 
lower chambers preheating the combustion air. The fuel is small chips of dry- 
wood fed through the holes in the crown. ( Henry Jewett Greene .) 


struction of a permanent kiln roof was too much of a structural 
probl^ for most of the early potters, and recourse was made 
to a jmporary roof of green poles and raw clay which would 
hold I place long enough for the very low temperature of firing 
used! that time. There is, however, one exception, as a kiln 
has/; [ently been found in Tepe Gawra that was believed to 
ha^ id a permanent roof at a period as early as 4500 to 4000 b.c. 
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refractories 


The cnrlv Chines- kilns, which consisted of a series of chambers 
, ' ,i„. jiip ,,f tl hill were remarkably similar to our 

inode rn * chan il»-r kilns and permitted a considerable degree of 
,WK tlw . fiK . advanced from one chamber to another. 

\n interestimt kiln of this type is shown in Fig. lol. 

It should 1« remembered that in dealing with these early kilns 
as well as our modern ones, four essentials must always be pre- 
Znf • 1 i a means for produeing the heat, (2) a support lor he 
■ x <V, sued as he walls and crown to confine the 



heat in the working space, and ,4) a means to transfer the heat 

in tm the source to the ware. ' , , ... 

1 General Principles. Production of Heat. As the ma 3 ontv 
ljf factories are fired with coal as a fuel, this method of heating 
AvlU be discussed first. Coal is used because of its low cost and 
because most of the refractories are not particularly sensitive to 
Impurities in the kiln ease-* that might arise from using coal as a 
fuel The coal is generally burned in furnaces with sloping ot 
flat grates as shown In Fig. 152. The air for combustion passes 
partly through the fuel bed and partly over the top, the hot 
gases generally going upward into the kiln over a bag wall, 
as diown in Fig. 153. In the round or rectangular kilns, a 
considerable number of furnaces are spaced around the. wall 
of tilt- kiln in order to distribute the heat as evenly as possible. 
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The manufacturers of refractories generally prefer for their 
kilns a good grade of bituminous coal giving a long flame; also 
a low ash content and a high fusion point of the ash is desirable. 
In most cases, it is necessary to have a low sulfur content so that 
sulfates will not deposit on the surface of the bricks during the 
water smoking period. 

It is the general practice to fire the coal by hand, although 
mechanical stokers have been tried in a few instances. The great 



difficulty with the mechanical stoker lies in the fact that the 
firing is distributed into so many small units that the stoker 
has not been particularly successful, although it is true that a 
uniform firing would be more economical than the intermittent 
firing necessary with hand operation. / 

~ Many of the coal-fired kilns waste a good deal of heat as a 
result of radiation from the more or less open fire mouths and 
escaping gases from the fire bed which are not pulled into the 
kiln by the draft. These conditions have been improved in 
some of the modern installations by tighter doors and forced 
draft. v 

Oil has many advantages as a fuel for firing refractories; 
and in some localities, the cost compares favorably with coal. 
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Advantages of oil are a more perfect temperature control, the 
possibility of a higher maximum temperature, a geneially cleaner 
kiln atmosphere, and a smaller labor requirement for the firing 
operation. Oil is, of course, obtainable in a number of different 
grades; but from the cost standpoint, the heavier grades of oil. 
such as Bunker C. are generally used. A number of different 
types' of burner are available for firing with oil. In principle, 
they all break the oil up into a spray of fine particles and inti- 



© 

\ rm^hiibirul atomizing; burner. ( Courtesy of Bahcock and Tt ilcox 

Company.) 


mutely mix them with the combustion air. In burners of the 
mechanical atomizing type, as shown in Fig. 154, the oil is 
atomized by forcing it through a fine orifice at relatively high 
pressure. This method is particularly suitable for burners of 
high capacity, as the orifice becomes very tiny for small burners 
and there is apt to be danger of particles getting through the 
filter and plugging the orifice. e 

Oil is also fired in air- or steam-atomizing burners where 
high -p:w>::iv air or steam is used to inject the oil into the kiln 
and at tiie same time break it up into a fine mist. Secondary 
air is generally supplied from a low-pressure source. A burner 
of this type is shown in Fig. 155. In setting up an oil-burning 
system, care should be taken that it be properly laid out to 
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ensure reliable operation. The heavier oils have to be heated 
and must be kept hot until they actually reach the burner; 
otherwise the viscosity will become so great that proper atomiza- 
tion is impossible. A good filter that will permit cleaning 
without shutting down the oil flow is necessary, and often a 
complete recirculating system is desirable. In Pig. 156 is 
shown a layout for an oil-fired kiln that has been found quite 
satisfactory. 



control valve cam. (3) Oil-control valve consisting of a V-groove in a flat sur- 
face. (4) Burner backplate. (5) Curved slot. (6) Operating lever. (7) 
Inner-nozzle operating pin. (8) Inner air-nozzle operating tube. (9) Oil tube. 
(10) Oil nozzle. (11) Outer air nozzle. (12) Inner air nozzle. (13) Primary 
air-supply openings. (14) Primary air discharge. (15) Oil nozzle. (16) Sec- 
ondary air-discharge opening. ( Courtesy of Hauck Manufacturing Company.) 


' In regard to the arrangement of the burners in, the kiln, they 
may fire over the charge in a downdraft kiln, as shown in Fig. 157; 
or they may fire against the side of the charge, preferably through 
a checker brick to distribute the heat, as shown in Fig. 158. 
In setting up the burner, care must be taken to allow sufficient 
combustion space for the particular burner used; otherwise 
carbon will tend to build up on the surfaces around the flame. 
The recommendations of the burner manufacturers should be 
followed when the combustion chamber is laid out. v 
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•• Natural gas is an excellent fuel for burning refractories, but 
in only a few localities is it sufficiently plentiful to make its use 
economical. It lias the advantage of making temperature con- 



Fig. 157. — An oil-fired kiln in which the flame passes above the charge. 



Fig. 158. — A kiln in which the oil flame passes through a checkerwork. 


trol a simple problem, and the heat produced is very clean. 
In general, the burner cost for a gas installation will be found 
less than that for burning oil. N 

■Producer gas is used to some extent in firing kilns. In most 
cases, the gas is used hot and without scrubbing; consequently 
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provision must l.e made for draining and cleaning the connecting 
pipes between the producer and the burner, as they periodically 
fill up with tar and soot. In regions where only low-grade coal 
is available, the producer-gas firing is found to be quite successful. 
The producer gas gives a comparatively low-temperature flame, 
so there- is little danger of overheating any part of the charge; 
and as the volume of gas is large because of this low heat value, 
it tends to give an even temperature throughout the kiln. The 
small-unit gas producer has been steadily improved and is a 
much more reliable and efficient piece of equipment than it was 
in the past. 


T 47. — -Properties of Typical Combustion G-as at Atmospheric 

Pressure 


Temp* 

< 

rature 

C F. 

Relative 

volume 

Specific heat 
at constant 
pressure 

Viscosity, 

poises 

0 

32 

1.0 

0.22 

170 X 10~ G 

100 

212 

1.3 

0.22 

220 

200 

392 

1.7 

0.23 

260 

300 

572 

2.0 

0.24 

290 

400 

752 

2.3 

0.25 

320 

500 

932 

2 . S 

0.25 

350 

000 

1112 

3.1 

0.26 

370 

700 

1292 

3.4 

0.26 

390 

800 

1472 

3.8 

0.27 

410 

900 

1 652 

4.2 

0.27 

430 

1000 

1832 

4.6 

0.28 

450 

1100 

2012 

4.9 

0.28 

460 

1200 

2192 

5.3 

0.29 

480 

1300 

2372 

5 . 7 

0.30 

490 

1400 

2552 

6.1 

0.30 

500 

1500 

2732 

6.5 

0.31 

510 

1600 

2912 

6.8 

0.32 

510 

1700 

3092 

7.2 

0.33 

520 

1800 

3272 

7 . 5 

0.34 

520 

1900 

3452 

7.9 

0.35 

530 

2000 

3632 

8.3 

0.36 

530 


There is not space here to go into the principles of combustion, 
but it should he remembered that the amount of excess air used 
is of the greatest importance in all kiln firing. The greatest 
combustion efficiency is reached with very low amounts of excess 
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air; but on the other hand, a large volume flow of gases is 
needed to carry out the moisture in the water-smoking stage of 
firing, to provide uniformity of temperature, and to supply 
enough oxygen to burn away carbonaceous matter. Some of the 
properties of a typical combustion gas are shown in Table 47. 
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Fig. 159. — Rate of heat transfer between a gas and a solid. 


Because of its high cost, electric heating is not used to any 
extent for firing refractories. An exception to this is the firing 
of small pieces, such as spark-plug porcelains, s/ 

/ Transfer of Heat . — One of the most difficult problems in kiln 
design is to transfer the heat efficiently from its source to the 
ware. The problem is unusually difficult in the kiln because 
the ware is in small units stacked into a considerable volume and 
therefore radiant-heat transfer, so important in furnaces such 
as those used in the metallurgical industry, can play little part. 
For the same reason, conduction of heat into a bulky charge of 
v small units is of little consequence. Therefore, we must rely 
almost entirely upon convection for heating of the charge. ,, 
v The transfer of heat from a moving stream of gas to a solid 
surface is well understood. The transfer rate depends mainly 
on the temperature difference between the gas and solid and the 
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velocity with which the gas is passing by the solid. The curves 
in Fig. 150 give an idea of the rate of heat transfer under different 
conditions between a teas and a solid. The transfer of heat from 
the moving gas by radiation from the gas itself and the incandes- 
cent particles that it contains is quite important in furnaces of 
f .arge volume and great flame 

— v.-j- . “hhyr' thickness, such as would be 

5 f I ./*> found in the glass-tank or 

■An ——.4 epen-hearth furnace; how-' 

j \ , ' ever, in the kiln, where the 

. i • ; gas stream is divided into 

j py relatively thin layers, this ra- 

. j J diation cannot play a very 

. vd important part, although at- 

i : 4 tempts are made in practice 

j to use long-flame coal to bring 

1 | Fc. the heat down to the bottom 

_ i f r-> ✓ of the charge of a downdraft 

/3~i — —B 

: < kiln. 

--1- Equalization of Tem perature. 

- TLetiitu fiw-A v-'Ofity t.:i One of the most important 
*« «ji« ruv:r** in.-: problems in kiln design is to 

produce a uniform temperature throughout the volume of the 
charge. This is by no means an easy matter, as few large 
periodic kilns now operating show a difference of less than 50°F. 
from top to bottom of the charge. In tunnel kilns, with their 
-mall ero<- section, the temperature uniformity is better, but 
here again it is apt to vary from place to place in the car by an 
unp -hil It- amount. 

Considering first the case of a downdraft kiln under equilibrium 
conditions, it may be readily shown that the temperature differ- 
ence between top and bottom is related to the mass flow of gases. 
In Fig. 11)0, the section A A may represent the top of the charge 
and BB the bottom. If M equals the weight of gases flowing 
through the channel in a unit time, and S the heat lost between 
.1.1 and BB by transfer laterally through the walls per unit time, 
then 

S = (ti - tf)c p M, 

„ S 


nenouic Kilns 
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where c p = the specific heat of the gas 

ti and to = the temperatures of A A and BB, respectively. 

We may therefore conclude that a more even temperature is 
obtained by a large volume flow, which may be realized by the 
addition of excess air to the products of combustion. This 
equation also shows that insulation of the kiln side walls will 
give a more even vertical temperature distribution. / 

./Another method of equalizing the temperature and one that 
is theoretically very attractive is the recirculation of the com- 
bustion gases through the charge. In this way, a large volume 
flow is obtained, thus decreasing the temperature difference; 
while at the same time, the volume of gases leaving the kiln 
is relatively small. The only difficulty with the recirculation 
method is the practical problem of handling the high-temperature 
gases. At the lower temperatures encountered in heat-treating 
furnaces, gases can be recirculated with water-cooled, alloy fans 
at temperatures close to 1800°F. (about 980°C.); but above this, 
the only possible means is by injector action, a method quite 
successful in driers but one that has not been developed for kilns 
at the present time. Recently, recirculation has been used 
successfully in some tunnel kilns. - 

The equalization of temperature at right angles to the path 
of flow is readily accomplished by adjustments in the floor open- 
ings, so that the hotter areas have the openings reduced and the 
cooler areas have them enlarged. Ry trial and error, a. very 
uniform temperature can be attained over the horizontal cross 
section of the charge. ' 

* One often hears the kiln fireman state that he uses a damper 
or a close-set floor to back up the heat in the kiln and give a 
more uniform temperature. It is not generally understood, 
however, just what the effect of dampers and restrictions to the 
flow accomplish: The curves in Fig. 159 show clearly the great 
increase in heat transfer from the gas to the charge with increasing 
velocities. '^The point in the kiln where the flow is restricted has 
an increased velocity, and thereby more heat is transferred from 
the gas to the charge. As the usual problem is to raise the tem- 
perature at the bottom of the charge, it is possible to have a 
relatively open setting in the charge itself and as small floor 
openings as are permitted by the available draft. Owing to the 
high velocity through the floor openings, the heat from the gas 



344 


REFRACTORIES 


will be given up to a much greater extent at the floor than in the 
other parts of the charge and will therefore tend to compensate 
for the gradual cooling of the gas as it goes down through the 
charge. 

Temperature uniformity can be attained in a muffle kiln by 
varying the area of contact of the gas with the muffle wall f7 > 
from the burner to the exit point; i.e., at the burner, the passage 
for the gas would only have a small width in contact with the 
muffle, whereas in the exit, it would have a large width. Bv 
properly adjusting these areas, a muffle kiln with absolute uni- 
formity of temperature can be constructed. Laboratory kilns 
that have been made in this way, although bottom fired, show a 
temperature at the top of the muffle within a few degrees of the 
I >ottom temperature. 

Insulation of the kiln tends to increase the uniformity of 
inside temperature, because (1) it tends to keep the inside walls 
of the kiln at a more uniform temperature, and because (2) an 
insulated kiln requires less fuel and therefore the gases entering 
the kiln can be at a lower temperature. Also, as explained from 
the diagram in Fig. 100, the insulation of the walls of the kiln 
increases the uniformity of temperature by minimizing the heat 
loss as the gases pass through the charge. • 

Kiln Efficiency . — The efficiency of the kiln is usually defined 
a?? the ratio of the heat required to bring up the ware to its maxi- 
mum temperature divided by the amount of heat supplied by the 
fuel. This definition is perfectly logical when applied to the 
periodic kiln ; but when it is used under conditions where recupera- 
tion occurs, then it may become absurd, as efficiencies of over 
100 per cent have been determined on actual kilns. This can 
perhaps be made clear by the set of heat-balance diagrams 
shown in Fig. 101 beginning with a nonrecuperative kiln and 
ending with one having a high recuperative effect. It wall 
be seen that the heat required to bring the ware up to temperature 
Is the same in each case but that the external heat supplied to the 
kiln becomes progressively smaller as the recuperative action 
increases. It would seem more reasonable to give fuel consump- 
tion per thousand standard-sized bricks rather than to express 
efficiency in percentage. 

It should be stated here that a high degree of kiln efficiency 
is often incompatible with good uniformity of temperature 
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because high efficiency demands a low temperature of exit 
gases and these, in turn, mean a low temperature of the charge 
in the bottom of the kiln. Only by recuperative action or recir- 
culation can good temperature uniformity be obtained together 
with high efficiency. 

It is obvious that the insulation of kilns will increase their 
efficiency; but unfortunately very little data are at hand to 
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show just what the saving might be, as there is seldom an oppor- 
tunity to compare similar kilns, one of which is insulated and 
the other not. It should be brought out, however, that the 
effect of insulation is not only to reduce the heat passing through 
the walls and the crown of the kiln but also to reduce the volume 
of exit gases in proportion.^/ This fact is little understood, and 
it may be well to emphasize it with an example, under steady 
temperature conditions, in Table 48. 
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This follows because, for a constant exit temperature, the heat 
lost in the flue gases is proportional to the heat input. 

Table 48 . — Saving Due to Insulation 


Insulated kiln 

f 

i Pmusulated - , 

kiln As usually As it 

computed 1 occurs 

Heat passing through walls. H.t.u 
Heat lost in title gases, H.t.u. 

Heat supplied to the kiln. H.t.u. 

Heat saved, per cent 

2 . Laboratory Kilns. — 1 he only practical luel to use in small 
laboratory kilns is natural or manutactuied gas. .Although oil 
can he used in the larger types of laboratory kilns, the control of 



Fig. 102. — The Bunsen, Meker. and Tirill types of atmospheric gas burners. 
o-erti.su of Eirrur and Amend.) 

the temperature and the ease of operation in the small ones are 
not entirely satisfactory, owing to the fact that oil requires for 
complete combustion a considerable amount of space and time, 
which is not usually available in the operation of most laboratory 

kilns. 

Types of Gas Burners . — There are a number of types of burners 
suitable for the efficient combustion of gas. The simplest is the 
atmospheric type, where the primary air is drawn in by the gas 
jet. Examples of tills are the Bunsen-, Tirrill-, and Meker- 
type burners, as shown in Fig. 162 . 'With gas at the usual pres- 
sure of 3 to 6 in. of water, it is impossible to draw in enough 
primary air for complete combustion; consequently a certain 
amount of secondary air must be supplied in addition. With 
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natural gas, which requires a larger proportion of air, the primary 
air is quite insufficient for combustion; therefore it is much more 
difficult to design an efficient burner of this type to burn natural 
gas. However, by proper design, furnace temperatures as high as 
1420°C. (2588°F.) can be obtained with atmospheric burners 
without preheating the air. If the air is preheated, temperatures 
as high as 1750°C. (3182°F.) may be obtained. The advantages 
of the atmospheric type of burner are quietness and reliabilit 3 ', 
for a burner of this type can be left running unattended quite 
safely. 

Although it is possible to preheat the air for small kilns suc- 
cessfully, fuel saving is usually not an object in such small 



Fig. 1G3. — A blow pipe where the gas and air are mixed at the nozzle. 

installations, and the initial cost and maintenance of a suitable 
recuperator is not often justified; accordingly, when temperatures 
above the range of the atmospheric burner are desired, it is best 
to use, the air or gas under pressure. By supplying the gas at a 
comparatively high pressure with a small pump, sufficient pri- 
mary air can be drawn in to give complete combustion. Under 
the conditions of complete combustion at the top of the burner, ^ 
much higher temperature can- be oDtained than when secondary 
air must be supplied separately. The high-pressure-gas type 
of burner has the advantage of a very large range of control 
from the lowest to the highest temperatures. The greatest 
disadvantage is the special apparatus that must be used for 
compressing the gas. 

Perhaps the most common types of gas burners used in labora- 
tory kilns are the ones to which the air is supplied under pressures 
of from 2 to 12 lb. per sq. in. The gas and air are mixed at 
the nozzle somewhat as shown in Fig. 163, and a fairly short 
flame results. Temperatures as high as lfiOO°C. (about 3000 F.) 
can be obtained with this type of burner. In controlling the heat 
of the furnace, two adjustments must be made — one on the gas 




348 


REFRACTORIES 


and one on the air — but this has the advantage of allowing the 
kiln atmosphere to be regulated as desired. 

The highest temperatures in laboratory kilns can probably be 
obtained by premixing the gas and air in the theoretically correct 
proportions and then burning them at the nozzle, as shown in 
Fig. 164. Under proper conditions, temperatures up to 1850°C. 
(about 33<»0°F.) can be obtained without preheating. The 
high temperature is due to the fact that the gas and air are 



• A gas burner in which the air and gas are premixed and then burned 
at the nozzle. f'ourteny of Maxon Premix Burner Company.) 


intimately mixed before combustion and that the combustion 
itself occurs extremely rapidly in a very small volume. 

Small High-temperature Kiln . — In Fig. 165 is shown a drawing 
of a small kiln for obtaining very high temperatures in a volume 
large enough to contain several full-size bricks. In this case, the 
gases are premixed, are introduced through a tuyere near the top 
of the kiln, and pass down through the floor and then up through 
lour stacks. The temperature distribution over the floor can be 
equalized b\ partially closing off one or more of the stacks. 
There is a considerable temperature gradient between the top 
and bottom of the charge in this kiln, because the charge is 
heated to a considerable extent by radiation. Under favorable 
conditions, temperatures as high as 1850°C. (about 3360°F.) can 
be attained without preheating. 

Small Round Kiln, for Shrinkage Tests , etc . — Figure 166 
shows a small furnace that is very convenient for heating small 
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specimens. By placing; the specimens in open saggers, a very 
even temperature is attained because of the complete circulation 
of the gases around the specimens. The use of premixed air 
and gas gives temperatures up to 1S00°C. (about 32/0 F.). 



Fig. 167. — A small kiln designed to give an even temperature distribution. 

Kiln for a Uniform T emperature. — In Fig. 167 is shown a 
somewhat larger kiln designed to give an even distribution of 
temperature. The gases from the burners pass into two 
chambers, from which they escape to the charge through adjust- 
able openings in the bag walls. They then pass down through 
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the charge and out through the flues. Owing to limitations in the 
permanency of the bag walls, the temperature in this type of 
kiln is limited to perhaps 1700°C. (about 3090 °F.). It is very 
satisfactory for burning trial batches of bricks on any desired 
schedule. 



Fig. 168. — A laboratory kiln for burning 100 to 500 bricks. 


Large Laboratory Kiln . — There is shown in Fig. 1(58 a drawing 
of a laborator 3 r kiln of sufficient size to burn 100 to 500 standard- 
size bricks. This size of kiln is very convenient for making burns 
on experimental bricks or special shapes, where the schedule is 
different from that of the production kilns. The kiln can be 
fired by either gas or oil, and temperatures up to 1750°C. (about 
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3180°F.) can be obtained. The temperature distribution can 
be made quite uniform by varying the floor openings. It will 
be noted that the elimination of the side walls on this kiln greatly 
simplifies the construction and makes it unnecessary to use much 
ironwork. 

3. Periodic' Kilns. — The periodic kiln has been much used in 
the refractories industry. Its advantages are a comparatively 
low first cost and flexibility in operation. The disadvantages 
are the poor fuel economy secured, the unevenness of temperature 
when the charge is piled high, and the strain on the brickwork due 
to the repeated heating and cooling. Although the periodic kiln 
is being gradually displaced by the tunnel kiln, it will alwa 3 r s be 
used to some extent for burning large shapes and special bricks. , 



T Flue T Flue Z Flue Cross Flue Single 

Solid Bottom Open Bottom Solid Bottom Solid Bottom Stack Flues Be la need 

Kilns 6 and IQ. Kilns 1,2,3,4,8.16 Kilnsl5andJ7 Kiln 5 Kilns 7.9,11,12,13,1-4- 

Fig. 170. — Flue arrangements for downdraft kilns. 

Common Types of Kilns . — The periodic kiln generally used to 
fire refractories is either of the circular downdraft type or of the 
rectangular type. The former is generally preferred because of 
the low cost for a given capacity and the even temperature 
distribution possible. The round kilns are made in sizes of 
from 26 to 42 ft. inside diameter, but sizes from 30 to 36 ft. are 
generally preferred. The capacity ranges from 30,000 to 140,000 
nine-inch equivalents. The fireboxes are arranged around the 
kiln and vary in number from 8 to 18 according to the size and 
type. The construction of the walls and crown is practically 
the same in all cases; but there is a great diversity of arrange- 
ments for the floor and flues. 

vy In Fig. 169 is shown a well-designed, round, downdraft kiln 
for burning refractories. It will be noted that the flues are 
arranged in such a way as to give an even draft at all parts of the 
floor. Figure 170 gives a number of other flue arrangements 
that are sometimes used A 

Although there is considerable variation in the dimensions of 
this type of kiln, the figures in Table 49 are generally used. 
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It Is generally considered good practice to connect two or four 
kilns to a single stack having separate flues for each kiln. This 
method givo a hot stack under all conditions, so that a good 
draft is produced when starting a kiln. The height of stack 
generally varies from 30 to 40 ft. 


Tabi.k 49. — Kijlx Areas 

Floor to top of crown. ft . . . 11 —19 

Height of hag wall above floor, ft 3 — 5 

Area »i floor openings, per vent of floor area 2.8-10 

Area >f grate*, per cent of floor area 8 —12.6 

Area >f main Hue, per cent of floor area 1.4— 3 

Area / *tack, percent of floor area 1 - 1.6 


Usually tin* turnover time in this t\~pe of kiln, burning clay 
refractories., is approximately 14 days: days for firing, 



Fio. 171. — A typical kiln setting. (Courtesy of Harbison-Walker Refractories 

Company.) 


o 1 2 days for cooling, 2 days for drawing, and 2 days for setting. 

hen burning silica brick, the kiln is held at the maximum 
temperature for some length of time, so the turnover time is 
somewhat longer. A typical kiln setting is shown in Fig. 171. 

The modern tendency seems to be toward the use of blowers 
anci suction fans to accelerate the burning and cooling. In this 
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way, as much, as 50 per cent can be taken off the burning and 
cooling time, which means a marked increase in the output of the 
kiln. There is, however, a limit to the rate of firing, caused by 
the burning properties of the clay used. On the other hand, 
the cooling rate is limited because of the strains set up in the 
kiln itself by a too rapid change in temperature. • 

' There are a number of other types of periodic kilns for burning- 
refractories, but they are not so generally used. Descriptions of 
them can be found in the references given at the end of this 
chapter. 

- Fuel Consumption . — The fuel consumption of periodic kilns 
is comparatively large and varies with the burning temperature 
and the amount of insulation used on the kiln. ' In Table 50 are 
given some figures on the fuel used in a number of periodic 
kilns. 


Table 50. — Fuel Consumption of Periodic Kilns 


Type of kiln 

Capacity, 

9-in. 

equivalents 

Fuel 

Maximum : 
temperature 

Firing 

time, 

hr. 

Fuel per 
1,000 bricks 
(9-in. 

equivalents) 

°C. 

°F. 


1 / 65,000 

Coal 

1270 

2318 

192 

2 , 200 lb. 


1 32,000 

Coal 

1290 

2350 ! 

150 

1,450 lb. 

Hound downdraft 

! < 60 , 000 

Coal 

1320 

2408 

156 

1 , 200 lb. 


i 48 , 000 

Coal 

1170 

2138 

132 

1 , 500 lb. 


\ 

Coal 


2600 


3 , 000 lb. 



( Coal 

1150 

2100 


2,100 lb. 

Round downdraft 


< Coal 

1250 

2280 


2 , 500 lb. 



(Coal 


2400 j 


2 , 400 lb. 


i 42 , 000 

Coal 

1280 

i 2336 

163 

1 , 770 lb. 

Rectangular downdraft. . . 

\ 60 , 000 

Coal 

1270 

2318 

168 

1 , 800 lb. 



Oil 

1270 

2318 

110 

125 gal. 

Round downdraft 

^ 76,000 

Oil 

1400 

2550 

I 

115 gal. 

Rectangular (insulated) 

( 10,000 

ou 

1650 

3000 

115 

400 gal. 

downdraft 

i 5 , 000 

Oil 

1650 

3000 

100 

500 gal. 

Round downdraft 

50 , 000 

Natural gas 

1250 

2280 

216 

| 18.000 cu. ft. 


The heat losses in periodic kilns are mainly in the flue gases, as 
shown in the following table which gives average figures for 
periodic kilns burning fireclay bricks with coal. 
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Setting MrthoRs . — The method of setting the brick in the 
periodic kiln depern I< on their shape, the type of refractory, 
and individual plan? practice. The setting is usually in a 

Tabu; 51.- -Heat B.u.anvk or a Typical Periodic Kiln 

Per Cent 


Heat to rai-c Temperature of bricks, or efficiency 15-45 

Heat to drive off moisture 0- 3 

Heat in combustion of ash 4—10 

Heat in combustion in fine gases 0— 5 

Heat in dry line tra.-es 20—45 

Heat in water vapor in gases 4— 7 

Heat to rahv temperature of kiln walls 4—15 

Heat to rube temperature of kiln crown 2—4 

Heat to 1 -! by walls and crown 3—9 

Heat lost in bottom arid flues 4—12 


eheckerwork pattern, with about 1 o in. between bricks, making 
up a bench extending across the kiln. For straight bricks, this 
mean* three* -et across three others. To prevent the bricks 



from sticking to one another, silica sand is sprinkled on the 
of Tho bench before placing the next pieces. Brick such 
a- magnesite and chrome cannot support themselves in a high 
netting and therefore are commonly boxed with silica brick, 

which cany the load. 

4. Continuous Compartment Kilns. — The compartment kiln 
is designed to provide more economical operation than can be 
g3\en by the periodic kiln. A great number of methods are 
used, but the general principle is the same in all cases. In 
Fig. 1 * 2 is shown a portion of a typical compartment kiln. Each 
chamber is similar to a downdraft periodic kiln; but instead of 
the gases passing out of the stack, they pass from one chamber to 
the bag wall of the next, so that the heat from the combustion 
gases is used to preheat the bricks in the chambers ahead of the 
fire. In the same way, the heat from the cooling bricks is used 
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to preheat the air for combustion. In some cases, this combus- 
tion air is drawn off by blowers and passed through the grates or 
burners; in other cases, the fuel, usually in the form of fine 
coal, is introduced through ports directly into the chambers 
under fire. 

This type of kiln has been used to a very small extent for 
refractories in this country, but abroad, where economy of fuel 
is more important, the compartment kiln has been extensively 
employed. The main trouble with the older t}^pe of chamber 
kiln was the slow rate of fire travel, which amounted to only 
about 6 in. per hr. This was due mainly to the considerable 
resistance to the flow of gases through the long passages. In 
the more modern chamber kilns, blower^ and suction fans are 
being used to increase the gas velocity, which gives a fire travel 
as high as 3 to 5 ft. per hr., with an immense increase in the 
capacity of a given kiln. */ 

; In a well-designed chamber kiln, practically the only heat 
loss is by transfer through the walls and crown, for heat is 
abstracted from the cooling bricks and from the combustion 
gases. Although it is difficult to get strictly comparable figures, 
it may be said that the fuel consumption runs between one-half 
and one-third of that of a periodic kiln. This, of course, is an 
important saving. However, the initial cost for chamber kilns 
is somewhat higher than for periodic kilns of the same capacity; 
and in general, the firing of a chamber kiln requires more skill 
to produce an evenly burned product. In regard to the upkeep 
of the chamber kiln, different operators hold rather conflicting 
views, but some believe it to be considerably higher than for a 
periodic kiln. A 


Table 52. — Ftjel Con-sumption op Chamber Kilns 


; 

Type of kiln 

Fuel 

Maximum 

temperature 

Fuel per 
1,000 bricks, 
lb. 

°C. 

°F. 

Continuous chamber 

Continuous chamber 

Producer gas 
Direct coal 

1420 

1410 

2588 

2570 

1500 (coal) 
1100 


The capacity of chamber kilns depends entirely upon the 
dze and number of chambers, as well as rate of fire travel. 
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Kilns with an output of over 100,000 bricks per day have been 
constructed. 

5. Tunnel Kilns. —The use of tunnel kilns in burning refrac- 
tories is extending rapidly, and it may be said that practically 
all the modern refractory plant units are built around a tunnel 
kiln. As the design has been improved and experience gained 
in the operation of tunnel kilns, it is generally recognized that 
they will produce better bricks at a lower cost than the periodic- 
kiln unit. This does not mean that the periodic kiln will not be 
used, for it still offers advantages in burning large or intricate 
shapes when* the burning schedule must be different from that of 
the standard brick. Because of the great importance of the 
tunnel kiln, considerable* space will be devoted to a consideration 
of the principles of operation. 

In principle, the tunnel kiln consists of an elongated chamber 
winch i> maintained at a steady temperature graded in the 
desired manner from end to end. The charge, mounted on cars, 
is moved continuously through the chamber and encounters in 
its passage the* desired variations in heat. The economy of the 
tunnel kiln is obtained by regaining the heat from the combustion 
gase> to heat the incoming charge and by using the heat from the 
cooling 'pricks to preheat the combustion air or, in some cases to 
dry the bricks. 

The advantages of the tunnel kiln are as follows: 

1. 1 lie tunnel kiln lends itself well to a continuous production 
process, which minimizes handling. 

2. The setting and drawing of the kiln are simple and regular; 
arid with dry-pressed brick, setting can be done directly from the 
press, eliminating shods, drier cars, etc. 

3. I he kiln structure itself is always at a uniform temperature, 
so with proper design, upkeep of the refractory of the kiln itself 
is very low. 

4. It is possible by proper design to heat and cool the ware 
according to any desired schedule, which enables the brick to he 
burned properly in the shortest possible time. 

o. Owing to the relatively small cross section of the charge, the 
heat is able to penetrate to the center rapidly, thus allowing 
much more rapid burning than is possible in the bulky charge 
of the periodic kiln. This rapid burning is an advantage when 
special orders must be put through rapidly. 
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f (5. The tunnel kiln, when properly operated, shows marked 
economy of fuel in comparison with the periodic kiln. 

There are a number of disadvantages to the tunnel kiln, but 
many of these are gradually being eliminated as more experience 
is gained with this method of burning. 

1. The construction of a tunnel kiln necessitates a considerable 
capital outlay, as it is impossible to increase the capacity grad- 
ually as can be done with a number of periodic kilns. However, 
the cost per thousand bricks produced is not necessarily higher 
than that with the periodic kiln. 

2. A shutdown on a tunnel kiln is serious, as it will tie up 
the whole unit for perhaps two to four weeks. With proper oper- 
ation, a shutdown is very rare, but it does happen occasionally. 

3. The upkeep on the car tops is high, because of the fact that 
they are periodically heated and cooled during each passage 
through the kiln. Considerable study 'is being given the problem, 
and it seems probable that this expense can be greatly reduced 
by careful design. 

4. Some difficulty is experienced in getting a uniform tempera- 
ture across the section of the tunnel kiln. The top and sides 
of the charge are often hotter than the bottom. This can be 
corrected, however, for some tunnel kilns now running give a 
very uniform temperature distribution. 

. 5. The tunnel kiln requires a considerable length of floor space, 
and some plants are so situated that this is not readily available. 

6. Another objection to the tunnel kiln is that for most 
efficient operation, it must be run with a uniform charge, i.e., 
with straight bricks or 9-in. shapes. It is, of course, possible 
to vary the burning schedule to accommodate larger shapes or 
different types of clay, but these changes have a bad effect on 
the structure of the kiln, and some time is lost in getting the 
kiln running uniformly after such a change is made. 

7. The tunnel kiln cannot be run efficiently at a low capacity 
and therefore lacks the flexibility of the periodic kiln. 

Tunnel kilns are made in the direct-fired and muffle types. 
Because the average refractory is not very sensitive to impurities 
m the atmosphere, the muffle type, which is more expensive in 
first cost and in fuel, would rarely be selected for burning refrac- 
tories; therefore we shall confine ourselves to the direct-fired 
type.- ; In Fig. 173 is shown a plan section of a typical direct- 
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fired tunnel kiln. The charge enters the kiln at the left-hand 
end and is gradually heated, reaching a maximum temperature 


Products of 
f combustion 


emu 


Direction of movement of ware 


Positive 

pressure o/ower 


Discharge 

end 


Flo, 173. — A plan section of a direct-fired tunnel kiln. (. American Refractories 

Institute.) 

in the hut zone. It is then cooled as it passes out of the kiln. 
Cold air is forces:! into the exit end of the kiln with a blower, 
and this passes through the charge, cooling it and at the same 


'JRNERS Y)RE SffOUV/V 
T o.jb.c.ct.e and f 


TO DRYERS 



d e f \ S ' 

Fig. 174. — Tunnel kiln in which the cooling air is drawn out for use in drier. 

time picking up heat. This air then passes into the combustion 
zone, where it is mixed with the combustion gases, and then 

'! ^ ! PTTT 7 passes through the incoming 

f — 1 I — ( charge. In this portion of the 

* C : ' ’ [ C ; kiln, it loses heat to the charge; 

1 I I C j then it is drawn out at the en- 

1 3 \ ! Q j trance end of the kiln with a 

CrtAROE ! j-^-j suction fan. The primary air 

$TT ; ; Tyj used for combustion in the burn- 

“7T yzyj ors * s usually drawn out from the 

~ 1 ]-* AR scrv “ cooling section by a fan, but 

| ' | ; Jrl] this is small in volume compared 

: ‘ ; T : ^ j with the total gas flow. . 

i C 1 „" L ~ O ; A number of variations may be 

Fit,. I To. — A funnel kiln with indirect Used. In Fig. 174 the cooling 
eooimg. air p s drawn out of the kiln and 

used for heating driers or a hot floor, and the air for combustion 
is taken from the cooling air at the same point. Figure 175 
shows a kiln with indirect cooling. In this case, the bricks are 




KILNS FOR BURNING REFRACTORIES 


361 


cooled entirely by radiation, as the cooling air passes through the 
hollow walls and is used for driers and combustion. / 

. in order to regulate the heating curve of the bricks, the gases 
are usually not drawn off at one point at the kiln entrance but 
are taken out at a number of points along the preheating section 
so that the desired temperature curve may be obtained. 

. The longer the preheating zone of the kiln the cooler will be 
the exit gases and the higher the efficiency of the kiln. However, 
for constructional reasons, the length must be limited; con- 
sequently the temperature of the exit gases usually runs between 
100°C. (212°F.) and 400°C. (about 750°F.). In the same way, 
the outgoing bricks may be cooled to any desired temperature by 
sufficient length of the cooling zone. It is generally desired to 
cool the charge sufficiently for easy handling. The bricks 
usually emerge at temperatures of 50°C. (about 120°F.) to 
150°C. (about 300°F.). , 

The setting of the charge itself should be so proportioned that 
a comparatively high gas velocity is maintained throughout the 
length of the preheating zone; and yet excessive power should 
not be required to pull the desired volume of gases through. 
In general, the velocity of the gases through the preheating zone 
will vary from 500 to 2,000 ft. per min., and the draft at the 
entrance end needed to supply this velocity will vary from to 
1 in. of water. 

A great many methods are used in setting the charge to 
provide longitudinal gas channels. As the sides of the charge 
have a tendency to heat before the center, it is common prac- 
tice to provide a gas channel down the center of the charge 
and to reduce the clearance at the top and sides to a minimum, - 
as shown in Fig. 176. The width of the charge usually ranges 
from 4 to 7 ft., and the height from 4 to 6 ft. Rather flat arches 
are used in order to prevent gas from flowing over the charge. It 
is quite necessary in a kiln of this length to make the sections as 
airtight as possible. This is accomplished by keeping the wall 
joints well cemented; and in some cases, airtight coatings are 
applied to the outside of the insulating material:-' 
v There would tend to be a very large leakage betw'een the car 
bottom and the kiln wall, because the clearance here cannot be 
made small on account of the change in dimensions of the car 
top. This leakage is prevented in most kilns by attaching to each 
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car a blade that runs in a trough filled with sand along each 
side of the kiln, as shown in Fig. 177. This method appears to be 



Fig. 17b. — Tunnel kiln car loaded with brick. The central gas channel is shown. 
t'uiirtasj of .4. P - Green Fire Brick Company.) 


quite satisfactory, as sand can be supplied to the entrance end 



'SAKD SE^L 


Fig. 177. — A sand seal under a tunnel 
kiln car. 

inav be designed to work at 


of the trough from which it is 
gradually carried through to the 
exit end, where it can be removed 
and returned. 

The furnaces for firing tunnel 
kilns are arranged along the 
sides in the firing zone. The 
number of furnaces usually var- 
ies between two and seven on 
each side, and usually they are 
staggered. For the use of coal, 
furnaces and grates similar to 
those used in periodic kilns are 
employed; but in this case, they 
their maximum efficiency with a 
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constant load. Although a number of kilns have been fired 
directly with coal, in general it is more difficult to maintain a 
uniform temperature, and better control is obtained with other 
fuels. Many tunnel kilns are fired with oil. In most cases, the 
burners are placed in small chambers at the side of the firing 
w ne, and the oil flame is directed into the charge. Due to the 



Fig. 178. — Firing zone of a tunnel kiln showing the cheekerwork in front of the 
burners. ( Courtesy of Roberfsoti and Company, Inc.) 

necessarily small distance between the burner and the charge, 
there is danger of overbeating the surface of the brick next to 
the burner. For this reason, a cheekerwork? as shown in Fig. 
178, ^is sometimes placed at the mouth of the chamber to dis- 
tribute the heat more evenly over the surface of the charge. 

Kilns fired with natural gas need only a small firing chamber, as 
the flame is comparatively short. As in the case of periodic kilns, 
natural gas is an ideal fuel and perfect control of temperature 
and atmosphere can be maintained with it. ' 

Producer gas is often used in firing tunnel kilns. In most cases, 
the flame can be directed immediately into the charge because 
of the low temperature of the producer-gas flame. Because 
of the low heat value of this gas, it is not necessary to use a large 
amount of secondary air to provide a sufficient volume of gases to 
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carry the heat down the kiln. As previously stated, raw pro- 
ducer gas has the disadvantage of depositing soot and tar in the 
connecting fines, and provision must be made foi cleaning them 

out periodically. 

The position of the burners is usually somewhat below the 
center of the charge in order to bring up the bottom temperature, 
which tends to lag behind that of the top. Sometimes burners 
in the hot zone are varied in height from one point to another 



Fig. 17 — Hollow car bottoms. ( Courtesy of Harbison-Walker Refractories 

Company .) 


in order to give a more equal temperature distribution to the 
charge. Some kilns have been constructed with hollow car bot- 
toms, as shown in Fig. 179. In this ease, the car tops must be 
made of excellent material to withstand the high temperatures 
ami loads experienced under these conditions. 

The tunnel kiln cars vary from 5 to 7 ft. in length and are 
built of structural steel or made of castings. Generally the cars 
roll on wheels mounted on roller bearings as in track cars. The 
track, however, is laid with great care, and there is little side 
clearance between the flanges and the rails. A number of other 
methods have been suggested and tried out for supporting the 
cars, such as balls running in grooves, floats on a canal, and 
stationary rollers in the kiln. „ 


KILNS FOR BURNING REFRACTORIES 


365 


* The cars are pushed through the kiln generally by a hydraulic 
pusher operated by a small variable stroke pump; as shown in 
Fig. ISO. * After one car has been pushed in, the plunger draws 
back, a second car is inserted by means of a cross transfer, and 
the process is repeated. At the exit end, the car is taken off on 
a transfer in the same way. Kilns have been built where the 
cars are moved continuously rather than intermittent^, in 
which case, they are usually driven by a heavy chain with dogs. 
Means are provided to transfer the load gradually from the 



Fig. 180. — A hydraulic car pusher. ( Courtesy of Robertson and Company, Inc.) 


driving dog on the forward car to that on the following car to 
prevent shock and jars. As it is more expensive to construct 
a mechanism for continuous operation, it is not generally used, 
because the wait of four or five minutes while changing cars is 
not serious. 

-Nearly all tunnel kilns employ air locks at both ends so that 
the flow conditions in the kiln will not be disturbed by the 
entrance or exit of cars. However, kilns can be run, with one 
lock and, in the smaller sizes, without any.--* 

The cars are moved at the rate of from 3 to 8 ft. per hr., 
depending upon the length of kiln and the burning properties 
of the clay, thus giving a total time in the kiln of from 50 to 100 
hr. ; however, kilns are operating successfully at speeds as high as 
20 ft. per hr. and with a total time in the kiln of 12 hr. If the 
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kiln is proper! v designed so that the combustion gases are evenly 
distributed around each brick, the limit in rate of heating for 
manv eiav- i< the time taken for the heat to penetrate from the 
surface to the center of the brick. In the future, we may see 
clay refractories burned in a much shorter time than is considered 

possible at present. , , , . . 

The production of tunnel kilns generally used foi refractories 
varies between 20.000 and 35,000 bricks per day. It may be 
-aid that the faster the bricks can be run through a given kiln 
and still he burned properly the more efficient will be the burning 


Tabi.k '»3. — The Fra. Con-sumption- of Tuxnel Kii.xs 


T.vp*‘ n-friu 

ii red 

■ t * >ry 

Fuel used 

Fireclay.. ■ 


. Foul 

Fireclay 


. Oil 

Fireclay 


Producer gas 

F i re ‘.nv . . • - ■ 


. . Natural gas 

Chrome 


. . Oil 


Maximum 

temperature Fuel per 1,000 

1 bricks 

S C. °F. 


i 1270 2320 ! 700 lb. 

< 1335 ; 2435 ! 900 lb. 

/ 1470 i 2680 | 1.250 lb. (stokers) 
1400 2550 j 80 gal. 

1670 j 3040 j 130 gal. 

1150 I 2100 j 850 lb. (coal) 

1250 i 2280 ! 970 lb. (coal ) 

j 1420 j 2590 j 1,150 lb. (coal) 

1400 ' 2552 j 630 lb. (coal.) 

(1140 2080 | 6,000 cu. ft. 

i j 1100 2000 ' 7,000 cu. ft. 

j 1470 I 2680 j 500 gal. 

j 1525 : 2775 i 600 gal. 


conditions. It takes but little more fuel to bum 30,000 bricks 
per day in a given kiln than it does 20,000 bricks.' 

Some manufacturers burn all shapes in their tunnel kilns, even 
up to 45 in. In length. They also change the burning temperature 
to accommodate different types of clay which may be run through 
the kiln. Although this procedure can undoubtedly be followed 
if necessary, a tunnel kiln can be run efficiently only with one type 
of setting and one temperature adjustment. Any changes in the 
setting or in the temperature disturb the balance of the kiln and 
require a long period for readjustment. Again, if the kiln is 
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f running slowly enough to burn large shapes properly, it is running 
jjlower than necessary to burn standards bricks. Probably the 
most desirable condition would be to have one tunnel kiln run- 
ning on 9-in. sizes and a second kiln on a slower schedule burning 
only large shapes. • 

A well-designed tunnel kiln will use from one-half to one-third 
,)f the fuel per thousand bricks required for a periodic kiln. In 
Table 53 are given some figures on the fuel consumption of 
runnel kilns. 

A tunnel kiln reduces the setting and handling cost in a unit 
by as much as 20 to 35 per cent, through the continuous flow of 
materials. In the case of dry-pressed bricks, it is general practice 
to set the tunnel-kiln cars directly from the dry press and then to 
pass them either through a drier or, in some cases, directly 
to the kiln. This eliminates drier cars, shods, and storage 
space for the drying bricks. 

It is difficult to state definitely the relative qualities of a 
tunnel-kiln and a periodic-kiln product because the conditions 
ire so varied. It may be said in general, however, that the 
tunnel-kiln product is more uniform than that of the periodic 
kiln, both as to size and as to degree of burning. This is due 
to a more even temperature in the small cross section of the 
tunnel kiln and to the fact that the stresses resulting from the 
height of the setting and the shrinking of the charge as a whole are 
much smaller in the tunnel kiln. Kiln marking is rarely found. 
The tunnel-kiln product is probably no better than the best of the 
periodic charge, but a large portion of the charge from the 
periodic kiln will undoubtedly be inferior to- any of the tunnel- 
kiln product. ■ 

The cost of building a tunnel kiln to burn refractories will run 
about $2,000 to $3,500 per thousand bricks per day. This cost 
takes in only the kiln itself, and a complete unit for manufactur- 
ing 30,000 clay bricks per day would cost in the neighborhood of 
$200,000 to $250,000. 

Undoubtedly, a modern tunnel-kiln unit can turn out bricks 
at a lower cost than the old periodic unit, because of both the 
saving of fuel and the saving of labor. This fact and the general 
belief that the product is superior to the periodic product have 
led many manufacturers to change over their plants to tunnel- 
kiln operation, v 
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Tunnel kilns are used successfully to fire refractories other than 
fireclay. Silica bricks have been burned in tunnel kilns here and 
abroad for some time. A kiln for burning silica bricks at the 
rate of 35,000 bricks per day would be approximately 500 ft, 
long to give a comparatively long soak at the maximum tempera- 
ture, which would run around 1500°C. (2732°F .). Magnesite 
and chrome bricks are being successfully burned in tunnel kilns. 
These bricks are not able to support a great load while they are 
being burned; and in periodic kilns, it was necessary to support 
them more or less completely with silica bricks. In a tunnel 
kiln, however, the setting can be made so low that the bricks 
are well supported during the burning operation, which gives a 
lower kiln loss and a superior product. 
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CHAPTER XI 


refractory mortars, plastics, concretes and 

COATINGS 

1. Introduction. — lilefractory mortars are used in laving 
refractory brick and shapes and serve the following purposes: 
to bond the brickwork into a solid unit so that it will be more 
resistant to shocks and stresses, to provide a cushion between the 
slightly irregular surfaces of the brick so that one course of 
brickwork will have a firm bearing on the course below it, and 
also to make a wall gas tight or to prevent penetration of slag 
into the joints. The best mortars are combinations of a plastic 
elav and a volume-constant grog, as the use of raw fireclay alone 
as a mortar is confined to low-temperature applications. 

' Mortars are sometimes thinned with water and used as coatings 
for the face of the refractory walls in order to further seal the 
joints or to protect the wall from destructive elements in the 
furnace. ✓ > 

Plastic refractories are used for three general purposes. The 
first is for making molded refractory shapes to be used in the 
furnace in the green state; the second is to form a molded mono- 
lithic wall or furnace structure ; and the third, to repair and patch 
worn brickwork. 

' Refractory concretes contain an aggregate and a setting 
material, such as hydraulic cement, to give them cold-setting 
properties. The aggregate may be calcined fireclay, which will 
give a high density to the concrete, or it may be a porous grog, 
diatomaceous earth, vermiculite, 'or other porous material to 
give light weight and low heat conductivity to the resulting 
concrete. ■*’ 

v Hot patching materials are not used very extensively as yet 
but are intended for forming a stable refractory while the furnace 
is at operating temperatures.^ 

*'The general composition of these refractory materials varies a 
great deal depending upon the application for which they are 
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intended. The majority are made from a fireclay base, but there 
are many special compositions in which chrome, silicon carbide 
silica, and alumina are used. The manufacturer of the brick 
should be consulted when selecting a mortar or coating. 

2. Fireclay Mortars. Heat-setting Types . — Mortars in this 
classification are generally composed of grog and a bond clay. 
Xo air-setting ingredient such as sodium silicate is added, and 
the mortar obtains its strength by the vitrification of the bond. 
For low-temperature service or where a strong mortar is needed, 
a clay high in fluxes should be used for the bond, whereas a 
mortar for high-temperature service would use a fireclay or 
kaolin. The nonplastic part is crushed to pass a 40-mesh screen 
and mixed with the bond. To reduce the shrinkage, the non- 
piastic ingredient may comprise as much as 60 per cent of the 
total mortar. Sufficient raw clay must be used, however, to 
give proper plasticity and workability, and therefore the clays 
must he carefully selected for this purpose. The size distribution 
o£ the nonpla>tic grog also affects the working properties of the 
mortar. 

Heat-setting mortars are usually shipped in 100-lb. moisture- 
proof bug*. 

Air-setting Fir* clay Mortars. — Air-setting mortars are com- 
posed of a base of precalcined fireclay or raw flint clay crushed to 
pass a 40-mesh screen. To this is added a plastic fireclay and 
from 5 to 20 per cent sodium silicate solution. The choice of 
plastic bond clay and the soda-silica ratio of the sodium silicate 
solution will determine the properties of the mortar. To obtain 
a mortar for severe temperature conditions, a highly refractory 
clay and a sodium silicate solution that has a low ratio of soda 
to silica should be chosen. For more moderate temperature 
service, a more plastic but less refractory clay combined with a 
sodium silicate solution richer in soda will give a mortar of better 
working properties and lower vitrifying point; but it will, of 
course, have a lower temperature use limit. The grog base 
should be sized so as to produce in the finished mortar the least 
drying and firing shrinkage compatible with good workability. 

The water content of an air-setting mortar is adjusted until 
it has the consistency of a thick batter. On air drying, these 
mortars set to a good strength and form an almost monolithic 
structure with the brickwork, in some cases the mortar joint 
being stronger than the surrounding hHekA 
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A batch mixing process is generally used to ensure good control 
of the tempering water added. After mixing, the mortar is 
packed in steel drums and sealed with rubber-gasketed steel lids. 
These containers are sold in 50-, 100-, and 200-lb. sizes. 

For some special applications, a dry, air-setting mortar is 
desired. In this case, dry, powdered sodium silicate is used 
instead of the wet solution, the rest of the mortar remaining 
essentially the same. The air-set strength of these dry mortars, 
however, is not so great as that obtained with the wet mortars. 
Dry, air-setting mortar is packaged in moistureproof bags, 
usually in 100-lb. sizes. 

Special Mortars . — For special applications, both heat-setting 
and air-setting mortars are made up using bases other than 
fireclay. Magnesite, chrome, silica, alumina, and silicon carbide 
are the more common ones and are used in laying up bricks of 
their respective materials. Alumina mortars are used where 
extreme temperature conditions are encountered and where 
freedom from iron is important. So-called “natural mortars” are 
much used in Europe. They consist of a naturally occurring 
clay and sand mixture with good working properties. 

Application . — Mortar is generally applied in one of three ways, 
but it should be emphasized that in most cases, the thinnest 
possible j oint is desired/'* The first method results in the so-called 
“buttered joint,” where the mortar is mixed to a batter con- 
sistency and the top of the exposed course of brickwork is spread, 
using a trowel, with a thin coating. The brick to he laid is 
given a trowel coating on the bottom of one end and then tapped 
or pushed into place. . 

The second is known as the “dip” method. The mortar is 
t hinn ed out with more water than when using buttered joints. 
The brick to be laid is dipped into the thin batter on the bottom 
and on one end and then pushed into place. The thickness of 
the joint can be regulated by the consistency of the batter. 

A combination method sometimes used consists of pouring 
a batter on to the exposed top course and then dipping the 
bricks to be laid on them. This results in more completely 
filled joints than the Straight dipping method. " 

/Approximately 400 lb. of mortar is required for setting 1,000 
bricks,-/* 

Tests for Refractory Mortars . — A number of methods have been 
proposed for testing mortars. Phelps C8ffl) describes some carefully 
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thought-out methods, which have been extended by Heindl 

and Pendergast. <I4J 

The fusion point can be determined by the methods described 
in Chap. XII; but when silicate of soda is present, a preliminary 
calcining of the material to 1100°C. is recommended by Phelps <Sa) 
in order to obtain consistent results. However, the fusion 

point is not particularly valu- 
able, and the block tests as 
used for glazes and enamels (14) 
or the amount of flow of the 
mortar when used as a bond is 
more important. 

The bonding range is gener- 
ally determined by cementing 
Fi«». 1*1. — Method of measuring bond- two half bricks together on the 
mg strength. by 4}^ -in. faces with a defi- 

nite thickness of joint. After drying, they are broken as shown in 
Fig. 1S1, or they may be heated to various temperatures and 
broken while heated or when cooled to room temperature. Care 
must be exercised to prevent any stresses in the samples due 
to movement of the pieces while drying; otherwise low values 
will result from fine cracks. 

The shrinkage can be measured on bars of the mortar in the 
usual way or by the characteristics of a layer dried and fired on a 
brick. The coefficient of thermal expansion can be measured by 
the methods described in Chap. XVI. 

The workability is an important property, but one difficult to 
measure. Troweling ability is measured by a machine developed 
by the U.S. Bureau of Standards/ 14 ^ but it is generally better to 
depend on the reports of experienced bricklayers. Hate of 
settling is important in mortars used in the pouring consistency 
and is simple to evaluate. Water-retention values, as meas- 
ured by Phelps, v -' are determined by cementing two half 
bricks together with no load and then, after a certain time 
interval, adding a load and noting the amount of mortar 
squeezed out. This test is particularly important for insulating 
refractories. 

Resistance to erosion by slags or penetration by gases can 
be measured by methods described in Chaps. XV and XIX, 

respectively. 
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3. Plastics. — Plastic refractories are now being used in some- 
what larger quantities than in the past ; in some instances, quite 
large furnaces have been constructed of monolithic plastic 
material with good results. It should be noted that the plastic 
material fires hard only on the hot surface and has a weaker 
and more flexible zone on the cooler side. Although this ma}^ 
sometimes be a disadvantage, in other cases it actually seems to 
give a greater life than the burned' refractory because of the 
flexibility of the wall. However, success can be obtained wdth 
plastics in large monolithic structures only by skilled application. 

Fireclay Plastics . — Some of the plastic materials are cold 
setting; i.e., they develop strength on drying. As in the case of 
cold-setting mortars, this strength is achieved by the addition of 
sodium silicate to the mass. Most of the plastics are made 
up with a base of fireclay grog, either specially prepared or made 
from waste brickbats and saggers. The maximum size of this 
grog runs from 4 to 2 mesh in order to reduce the drying and firing 
shrinkage. The bond clay used must be selected with great 
care to give good workability and low shrinkage.--' 

. It is particularly important that the plastics have a low drying 
and firing shrinkage ; otherwise the structure will be badly cracked 
after the first firing. For this reason, the proportion of grog 
is comparatively large, running between 40 and GO per cent of the 
total. Not only the maximum size of the grog is important in 
achieving good results, but the grading of the grog to give the 
besl} characteristics is quite important. The plastic mass should 
be of such consistency that it is coherent and sticks to the brick- 
work. It should not be crumbly when worked up or get soft 
and wet when hard rammed. A good plastic can be rammed 
into a patch in the crown without slumping or pulling away. 

Ladle Mixes . — A considerable amount of plastic refractory 
called “ladle” or “ramming” mixes are used for lining ladles 
in the iron and steel industry and for pouring spouts and parts 
of that nature. These refractories must have rather special 
properties,* such as good workability and a softening point 
approaching the pouring temperature of the metal, so that the 
surface of the refractory becomes glazed and offers good resist- 
ance to metal and slag attack. Whereas many of these mixes 
have bases of fireclay grog, others consist of a kaolin base and, 
in some cases, high-alumina clays have been used. 
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Apt rial FI a, Pies. — Besides tin 4 fireclay-base plasties, consider- 
able quantities of chrome-base plastics are used, particularly 
under conditions of -even* dag erosion. The important field 
for this <da-s of plasties is in the stud walls of boiler furnaces 
where* it can be ramme* i around the vatoi— wall tubes to fomi a 
refractory eapahle of withstanding terrific punishment in the 
wav of high - v.y and slag conditions. This type of 

plastic b usually made up of raw or calcined chrome ore with 
soini* clay "pond and often silieate ot soda. African 01 Cuban 
chrome ore is generally preferred for this use. 

Silica ramming mixtures are made from crushed ganister or 
sandstone and fireclay as a bond. These mixes should be made 
up to have good workability and are used largely for patching 
cupolas and other metallurgical furnaces. Silicon carbide 
ramming mixtures are used where high heat transfer or good slag 
ivsbtunri * are deb rod. Although comparatively expensive, 
they give excellent service under certain severe conditions. 
Magnesite ramming mixtures usually consist of dead-burned 
* ( magnesite grain mixed with some organic* bond like tar or dex- 
! trim*. These are used for the basic electric furnaces, basic open- 
hearth furnaces, and ,-onie of the nonferrous constructions. 

A pplirafio/t e/ Plastics . — Satisfactory service cannot be 
expected from plastic materials unless they are properly applied. 
The directions given by the* maker of the plastic used should be 
carefully followed in order to ensure a first-class job. Although 
the methods vary somewhat depending on the type of plastic, 
in general the following steps should be taken in the application 
of this material. 


In laying a plastic furnace bottom, such as plastic chrome ore 
hi a forging furnace, it is customary to use the following pro- 
cedure: Take the material out of the cans and dump it on a clean 
spot on the floor near the furnace, cutting the lumps with a 
spade but adding no water. If the material has to be left for 
any length of time, it should be covered with damp burlap 
bag-* to prevent its drying out. Beginning on one side of the 
furnace floor, lumps of the material should be spread out in a 
I aver approximately 50 per cent thicker than the finished layer; 

if a 3-in. floor is going to be put in, the thickness of the lump 
material should be 4 or 5 in. It is well to work in a strip about 
30 in. wide beginning at one side of the furnace. ' A heavy spade 
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then thoroughly cuts through the lumps with deep strokes so 
that the blanket of material is thoroughly tied together. Then w 
with a heavy tamper, the whole mass is consolidated with heavy 
.strokes. The thickness of the layer should be tested with a 
rod. If it is too thin, the whole mass will have to be cut up 
again with a spade before adding more material; otherwise it 
will not consolidate. The final surface can be put on by laying 
boards on top and tamping on these. The next 30 in. strip can 
then be started, care being taken to ensure that it is well cut 
into the edge of the finished strip to make a bond. More boards 
can be laid on this, and the procedure repeated until the whole 
floor is done. The finished surface should not be walked on 
unless boards are put down. 

It is good practice in all plastic construction to punch the 
layer with small vent holes about 2 in. deep to let out the steam 
on drying. This can be very conveniently done by making a 
rectangular frame into which spikes have been driven on about 
3 in. centers. The frame can be readily pressed down on to the 
surface of the plastic. 

• In some cases, successful results have been obtained by 
tamping the hearth while it is hot with a heavy weight on the 
end of a pipe that can be introduced through the furnace door. 

If this tamping is carried out every week end, the hearth soon 
becomes consolidated into an excellent structure. > 

When using plastic materials in side walls, wooden forms are 
required in order that? the plastic can be rammed in to form a 
really monolithic structure. Sometimes plastic materials have 
been used for small furnace roofs where the ramming is done on 
top of a form. Generally, however, a refractory concrete would 
be used for this purpose. ' 

, Plastics are also used for patching walls; and under these con- 
ditions, great care must be taken to obtain a satisfactory piece of 
work. The wall itself must be carefully cleaned of any adhering 
dag, and the brickwork surface roughed up and, in some eases, 
undercut to hold the patch. This is usually hammered in with 
a heavy wooden mallet, precautions being used to build up the 
layer uniformly and without laminations. V Figure 182 shows a 
patch of this kind which has been completed in a furnace. 

' Packing of Plastics . — Plastics are usually shipped wet in tightly 
sealed cans, although manufacturers sometimes pack a cube of 
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the mixture in waterproof paper and ship it in a carton. Occa- 
sionally, manufacturers have had trouble with air-setting plastics 
hardening in storage. A reason for this is suggested by Morgan, 
Peskin, and Kronman, (17j who believe some clays adsorb soda 
from the sodium silicate and allow precipitation of silica gel. 
This subject needs more study. 

Texting of Plastics . — The important characteristics of plastic 
materials are the fusion point, the workability, the reheat 
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shrinkage as determined by the panel test, and the strength 
when fired to various temperatures. These tests have not been 
very well standardized, especially those concerning the work- 
ability, but many of the large users have their own specifications 
which they have found from experience will enable them to 
select a good material.' 

4. Refractory Concretes. — Refractory concretes are generally 
made up with a heavy grog to provide a dense, strong mass or 
with a porous grog to provide a light refractory. They are 
widely used for low- and medium-temperature work! Some 
important applications are the easting of baffles in boiler-tube 
banks, forming the lining of doors and the tops of tunnel-kiln 
cars, and. in some cases, the construction of special shapes . '/ 
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Dense Mixes. These mixes are generally made up with 60 
to 80 per cent fireclay grog, perhaps made from crushed brick 
bats, and 15 to 25 per cent early strength or high-alumina 
cement and clay for workability. The prepared mixes, of course, 
are always shipped dry, but often they are made up and mixed 
by the user, as he generally has available his own brickbats 
which can be readily crushed up for grog. It will be found, 
however, in general, that a carefully prepared batch made by a 
reliable manufacturer will give better results than mixes made 
up by the user. c Refractory concretes can seldom be used 
above 2650°F. (about 1460°O.). 

Lightweight Mixes . — These mixes are made up in a similar way 
to the previous one, except that the aggregate is of some light- 
weight material like lumps of infusorial earth, bloated clay, or 
porous grog. Lightweight mixes are used in such places as 
doors of furnaces and similar positions where the temperature 
is not extreme. Their density runs between 45 and 60 lb. per 
cu. ft. 

All the refractory concretes have a low strength at a tempera- 
ture of 1500 to 1800°F. (about 820 to 980°C.), where the cement 
is dehydrated and strength has not been attained by vitrification. 
This will give in the structure a weak layer that has not yet been 
overcome in this class of material. Nevertheless, these mixes 
are being used with considerable success in many types of 
structure, v 

v Tests . — The tests of refractory concretes are similar to those 
mentioned for plastics, i.e., the softening point, the drying and 
firing shrinkage, and the strength at various temperatures. - 

5. Refractory Coatings. — Refractory coatings dre used to 
some extent on the surface of certain types of brick-work to close 
the pores and present a more homogeneous surface, thus minimiz- 
ing abrasion and slag erosion. However, unwarranted claims 
have been made for coatings, claims that would indicate that a 
good coating would make a lower grade refractory give the service 
of a high-grade refractory. This is not generally true, and a 
coating is by no means a cure-all for refractory troubles. 

Perhaps one of the best references on this subject is that by 
Litinsky, (21) who discusses the subject thoroughly and gives a 
complete bibliography. *A great many types of refractory 
coatings are available.”* 



Natural Coal i tiffs . — Haw fireclay, which was ’used to some 
extent in the early days, lias been more or less discarded because 
of its high shrinkage* and tendency to peal off the brickwork. 
Natural coating- are u,-ed extensively in Europe containing clay, 
quartz, and feldspar in such proportions as to reduce the shrink- 
age and give a fluxing action. This material is very similar to 
the natural mortars previously discussed and generally has good 
working properties with a comparatively low cost. 

Prepart *1 Fimiatj Coating*. — For high-temperature conditions, 
the coating used most frequently is a mixture of calcined grog 
with a plastic bond clay. A satisfactory coating should have a 
low shrinkage and adhere well to the brick so that no pealing 
or cheeking is observable* on heating to the working temperature. 
The brick manufacture]*.-' recommendation should be taken, 
because a roaring that may work very well with one type of 
refractory may not work at all with another type, even though of 
very -imilar properties. 

Spread Coat Logs . — Many special coatings are available such as 
those with a chromite base or a chrome oxide base which are 
u<ed to give some additional slag resistance to fireclay or insulat- 
ing firebrick. There are also coatings having fused alumina or 
silicon carbide as a ba-e for special purposes. They all must 
have the property, however, of low shrinkage and adherence to 
! he brick with which they are used. 

Application of if,*' Coatings . — Coatings can be applied to the 
brickwork with a brush or with a spray gun. The latter is 
generally inure satisfactory in giving a really good job. The 
coatings must be applied in comparatively thin layers, J"i6 to 
} * in. being the maximum generally used. Even then, a better 
job i- obtained by applying it in several successive applications 
if Thi> \< possible. About l i to }f> lb. per srq. ft. of material 
should be allowed for an average coating job. Particular care 
should be taken that the brickwork is clean and free from dust 
before the coating is applied. 
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CHAPTER, XII 

THE FUSION POINT OF REFRACTORY MATERIALS 
AND THEIR EQUILIBRIUM DIAGRAMS 

1. Fusion Process. — At the present time, there is very little 
understanding of the mechanism concerning the fusing of non- 
metallic materials. If a curve of viscosity is plotted against 
temperature, it will be found that for some materials, the change 
from a solid to a liquid occurs within a very small temperature 
interval whereas in other materials, especially silicates, the 
melting process is a more gradual one and occurs over a large 
temperature range. As shown in Chap. TV, it will be found, in 
the case of materials having a long softening range, that there 
is a great difference in the bond strength between the various 
atoms. For example, in the silicates, the bond strength that 
holds the silicon in the center of an oxygen tetrahedron is very ; $ 
strong and probably will not break up until much higher tempera-' 
tures are reached than are necessary to break the weaker bonds. 
Therefore, we may conceive that when a silicate fuses, at first 
the weaker bonds are broken and a very viscous liquid results 
which contains aggregates of the silicon-oxygen groups. As the 
temperature goes higher, these groups are broken up by thermal 
agitation until the viscosity markedly decreases. Unfortunately, 
we have no experimental evidence to show just what happens in 
this process and can merely conjecture a mechanism that most 
nearly fits the facts. > 

In the literature, it will be found that the terms “melting 
point/ 7 “softening point/ 7 and “fusion point 77 are used more or 
less indiscriminately in discussing refractories. The best usage 
would seem to indicate that the term melting point should be 
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reserved for pure materials and fusion or softening point for 
more complex or impure materials. It is, of course, difficult 
to draw a sharp boundary between the two; so it was thought 
best to use the term fusion point throughout this chapter for 
everything except the pure materials, as tiie majority of the 
refractories show a considerable softening range. 

2. Method of Obtaining Fusion Points. Physical Significance 
of the Fusion Point.— There has been a great deal of confusion 
in considering just what is meant by the fusion point of the 

average refractory. We ran do no better than refer to the 

method used by the glass technologist in determining the fusion 
or softening point of glass. Here, the fusion point is specified 
as the temperature at which the particular specimen under a 
definite stress becomes sufficiently fluid to flow at a specified 

rate. No other meaning will 

have any significance in dis- 

cussing materials that have no 
sharp boundary between the 
solid and liquid state. 

This definition of fusion point 
can be made clear by the curve 
in Fig. 1S3 in which the defor- 
mation in millimeters of the 
specimen is plotted against the 
time, un-der the conditions 
where the specimen is heated 
up at a uniform rate. If we 
are arbitrarily assuming the 
fusion point as that temperature at which the rate of flow 
equals 0.0 1 mm. per sec., a tangent can be drawn to the 
flow curve with this slope. The point where the curve and 
tangent meet will represent the fusion temperature, which, 
in t lie* illustration, is 3143°F. Owing to experimental difficulties, 
the usual methods of measuring the fusion points do not follow 
such an exact procedure; consequently, only an approximate 
: value is obtained. 

Determination of Fusion Points by Comparison with the Pyro- 
meiric Cones . — A common method of determining the fusion point 
Is by comparing the bending characteristics of the sample with 
those of a series of standard pvrometric cones all run in the same 



Fio. IHijL — Method of determining the 
softening point. 
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furnace. As it can be carried out by persons not skilled in 
pyrometric practice and with inexpensive equipment, this method 
has the advantage of simplicity. It has the disadvantage, 
however, of not giving the highest degree of precision, because of 
variations in the furnace atmosphere or from other causes that 
are not easy to control. Under good conditions, however, a 
precision of ± 15°C. (27°F.) should be obtained. The following 
quotation gives the standard A.S.T.M. softening-point test for 
refractory materials : 

STANDARD METHOD OF TEST FOR PYROMETRIC CONE 
EQUIVALENT OF REFRACTORY MATERIALS 

A.S.T.M. Designation C24-42 1 

Adopted, 1920; Revised, 1928, 1931, 1933, 1^35, 1942 

This Standard of the American Society for Testing Materials is 
issued under the fixed designation C24; the final number indicates the 
year of original adoption as standard or, in case of revision, the year 
of the last revision. 

1. Scope. — This method is intended for determining the Pyrometric 
Cone Equivalent of fireclay, fireclay brick, silica cement, and ground 
fireclay by comparison of test cones with Standard Pyrometric Cones 
under the conditions herein prescribed. 

2. Preparation of Sample, (a) Clay or Brick. — The entire sample 
of fireclay or fireclay brick, in case the amount is small, shall be reduced 
in size by means of rolls or a jaw crusher to a maximum size of M in. In 
case the amount is large, a representative sample obtained by approved 
methods shall be so treated. The sample shall then be mixed thor- 
oughly, and the amount reduced to about 250 g. (0.5 lb.) by quartering. 
Any magnetic material introduced by crushing or grinding shall be 
removed by means of a magnet- This portion shall then be ground 
in an agate, porcelain, or hard steel mortar, and the amount reduced 
again by quartering. The final size of the sample shall be 50 g., and 
the fineness such that it will pass a No. 70 (210 p) A.S.T.M. sieve 
(equivalent to mesh No. 65 of the Tyler standard series). In order 
to avoid excessive reduction of fines, they shall be removed frequently 
during the process of reduction by throwing the sample on the sieve and 
continuing the grinding of the coarser particles until all the sample will 
pass through the sieve. 'Y 

b . Silica Cements . — In the case of silica cements, the sample obtained 
by approved methods shall be tested as received without grinding or 
other treatment. ... 

1 A.S.T.M. Standards are subject to revision. The Society’s head- 
quarters, in Philadelphia may be consulted for the latest information. 
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Xote: For the purpose of this test, silica cement is understood to he the 
usual finely ground mixture of quartzite, silica brick, and fireclay of various 
proportions, and does not include materials sold under the name of high- 
tei opera tu re nmrt ars. 

3. Preparation of Test Cones. — a. The dried sample shall be thor- 
oughly mixed and, after the addition of sufficient dextrine, glue, gum 
tragacanth, or other alkali-free organic binder and water, shall be formed 
hi a truncated trigonal pyramid with its base at a small angle to the 
trigonal axis; and of the following dimensions: Over-all height (between 
planes perpendicular to the trigonal axis) 1 1 in.; length of the side 
of the trigonal tip, 0.075 in.; length of the two longer sides of the base, 
e. i2 in.; base at ail external angle of 82 deg. to one face and perpendicular 
to the symmetry plane through the opposite edge of the pyramid. 

b. When dry, the test cones may be subjected, when necessary, to a 
preliminary hum- at a temperature not exceeding 2370°F. (1300°C.) 
for the purpose of sintering them into a firm condition to permit handling. 

4. Mounting.— The te>t cones shall be mounted on plaques of refrac- 
tory material of such a composition as will not affect the fusibility of the 
cones. 5(5 They shall be mounted with the base embedded approximately 
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3 mm. (0.12 in.) in the plaque, and the face of one side inclined at an 
angle of 82 deg. with the horizontal. The arrangement of the test cones 
with respect to the Standard Pyrometric Cones shall be substantially 
as shown in Fig. 1S3«, i.e., alternating the test cones with the Standard 
Pyrometric Cones in so far as practical (Xote, p. 387). The plaque 

* A mixture of equal parts of a highly refractory clay such as a good grade 
of china clay and fused alumina which will pass a Xo. 100 (149/7) A.S.T.M. 
sieve equivalent to mesh Xo. 100 of the Tyler standard series) has been 

found satisfactory. 
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may be any convenient size and shape and may be biscuited before 
using, if desired. 

Note: The number of cones and their mounting so as to face inward as 
shown in Fig. 183a is typical for gas-fired furnaces of relatively large dimen- 
sions and gases moving at high velocity. The practical bore of the muffle 
tubes in most electric furnaces does not permit cone pats of this size. The 
static atmosphere prevailing permits the cones being mounted to face out- 
ward, if so desired. 

5. Heating. — a. The heating shall be carried out in a suitable furnace 
at a rate to conform to the following requirements : 


To reach cone No. 20 

Time interval to : 

Minutes 
45 

Time interval to: 

Cone 32 

Minutes 

8 


20 


Q 

Cone No. 26 ... ... 

6 

Cone N 0 . 33 . . 

9 


4 

Cone N 0 . 34 

6 

Cone No. 28. . . ... 

.4 

Cone No. 35 

HO 

Cone No. 29. . . ... 

10 

Cone No. 36 

10 

Cone No. 30. . . ... 

4 

Cone No. 37 

4 

Cone No. 31 . . . ... 

12 

Cone No. 38 

6 

Note: At 1830°F. (1000 

°C.) the old 

cone pat may he removed and a new 


one put in without cooling the furnace down below red heat. 


b. That type of furnace in which a neutral or oxidizing atmosphere 
may be maintained is to be preferred. Excessive reducing conditions 
should be avoided. Care should be taken that the flame does not strike 
directly against the cone or cone plaque. The furnace should be tested 
at intervals for the determination of the uniformity of the distribution 
of the heat. • ' 

6. Pyrometric Cone Equivalent. — a. The softening of the cone will 
be indicated by the top bending over and the tips touching the plaque. 
The bloating, squatting or unequal fusion of small constituent particles 
should always be reported. The Pyrometric Cone Equipment shall 
be reported in terms of Standard Pyrometric Cones and shall be that 
cone which most nearly corresponds in time of softening with the test 
cone. If the test cone softens later than one Standard Pyrometric Cone 
but earlier than the next Standard Pyrometric Cone and approximately 
midway between, the P.C.E. shall be reported thus: Cone No. 31—32. 

b. If the test cone starts bending at an early cone but is not down 
until a later cone, the fact should be reported. - 

' Determination of Fusion Points with the Optical Pyrometer --—7/ 
A more precise determination of the fusion point can be made 
with the optical pyrometer, which is sighted on the test specimen 
heated in a furnace under black-body conditions. With ordinary 
care, a precision of zb7°C. (about I2.6°F.) should be obtained; 
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and with especial rare in calibration, a precision of ±4°C. 
(about 7.2°F.) is possible. 

Most of the fusion points have been made on specimens formed 
into a slender tetrahedron similar in shape to the standard pyro- 
metrie cone. This particular form of specimen has commonly 
} >een used because the bending can readily be seen without 
special measuring apparatus, but it does have certain disadvan- 
tages for precise work: because (1) the size of the specimen varies, 
depending on the shrinkage of the refractory material; (2) the 
density of the specimen varies with the material so that the 
bending forces are variable*; and (3) the bending forces vary with 
the position of the cone. 



Fib. 1S4. — A gas-fired fusion-point furnace. 


Apparently a much better form of specimen for fusion-point 
tests would be n small bar supported at its ends. On heating, 
this bar will soften and sag in the middle. By sighting on the 
center of the bar with a reading telescope, it is possible to plot 
the amount of settling against time and thus obtain a curve 
capable of giving a precise value of fusion point as shown in 
Fig. 183. Certain precautions are necessary, however, in this 
type of test: Cl) The material should be preealcined in order to 
shrink it to a stable volume, and (2) the distance between the 
supports should be so arranged as to give a definite stress in the 
specimen based on its density and cross-sectional area. 

F a maces for Determining Fusion Points . — Fusion points can be 
determined in a cylindrical type of furnace heated by a gas and 
air burner up to temperatures of 1700°C. (about 3090°F.). 
Figure 184 shows such a furnace for determining fusion points 
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in comparison with pyrometric cones. F or higher temperatures, 
the same type of furnace can be used with oxygen instead of air, 
in which case temperatures as high as 2000°C. (about 3630°F.) 
can be reached. Von Wartenberg (43J obtained temperatures 
up to 2600°C. (about 4710°F.) with oil and oxygen, and Hauser* 5 ’ 
has used the oxy hydrogen flame for very high-temperature 
fusions. The main difficulties in this type of furnace are the 
shielding of the specimens from the high-velocity gases, the 
producing of real black-body conditions, and the maintaining 
of an oxidizing or neutral atmosphere. 


OPTICAL WATER COOLED 



Fig. 185 . — A horizontal electric tube furnace. 


. One of the most convenient methods of determining fusion 
point is in the electric tube furnace. A very convenient type 
is the horizontal furnace shown in Fig. 185, which was developed 
a number of years ago in the Heat Measurements Laboratory 
at the Massachusetts Institute of Technology. Any temperature 
up to 2400°C. X a bout 4350°F.) can be quickly obtained under 
good black-body conditions. A gas flame placed at either end 
of the tube prevents the entrance of oxygen and thus preserves 
the carbon tube. This furnace will, of course, produce a strong 
reducing atmosphere, which is often undesirable in making fusion 
points. It is quite simple, however, to put inside the carbon 
tube a refractory liner through which a small flow of air is drawn, 
thus giving a strictly oxidizing atmosphere for fusion-point work. 
Such refractory tubes may be made of magnesite, magnesia 
spinel, or zirconia, but great care must be taken to prevent 
reaction between the fusion-point specimen and the tube. The 
vertical-tube furnace of Pendergast <13) can be used up to 1825°C. 
(about 3320°F.) with an oxidizing atmosphere. 
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The high-frequency induction furnace as shown in Fig. 186 is 
finite suitable for high-temperature research, but here again the 
heating element is a graphite crucible or sleeve, and to obtain 
oxidizing atmospheres it is necessary to use a liner through 
which air can be drawn. 

Wire-wound furnaces have been used for high temperatures. 
Platinum furnaces can be used up to temperatures of 1500°C. 
(about 2730°F.), which is hardly high enough for fusion-point 



Fig, ISO. — A higfn-frenuency induction furnace. («/. Ind. Eng. Chem.) 

work. However, windings of molybdenum or tungsten are 
quite satisfactory up to 1700 and 2000°C. (about 3090 and 
3030°F.), respectively, if a hydrogen atmosphere is used to 
protect the windings. However, there is the disadvantage of the 
strong reducing atmosphere that greatly influences the fusion 
point of materials containing iron. 

The vacuum furnace shown in Fig. 187 has been used a great 
deal for the determination of fusion points of very refractory 
materials. The melting is carried out in a vacuum, although 
in the furnace there must be traces of carbon monoxide gas 
which tends to produce reducing conditions. The heat is 
supplied by a graphite spiral resistance which surrounds the 
specimen. The metal case, which is evacuated, is placed in a 
water bath to keep the temperature down. It is possible, with 
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this furnace, to reach temperatures of 3000°C. (about 5430°F.) ; 
but since the chamber has to be evacuated before each 
test, it is not so convenient to operate as some of the other 
types mentioned. 

Preparation of Fusion-point Specimens . — In making up 
specimens for fusion-point determinations, it is very essential 
that representative samples be taken. For example, if the 





fusion point of a brick is desired, the brick should be broken 
up and a number of random samples taken. These fragments 
are then ground so that they will completely pass a 65-mesh 
screen. Grinding should be carried out at first in a steel mortar; 
and if the material is very hard, iron specks should be removed 
with a magnet. The final grinding should be done in an agate 
mortar. In the case of clay the usual sampling methods should 
be employed in order to ensure representative results. In the 
case of lump clay, such as bauxite, it will be found that the hard 
nodules have a higher melting point than soft material ; therefore 
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a considerable amount must be crushed and split down to a 
small sample. A riffle sampler such as that shown in Fig. 188 is 
excellent for the purpose. 



Fig. 1SS*. — A riffit* sampler. (Co a rtesy of TT'. .S’. Tyler Company. ) 


The sample is moistened with water and pressed with a 
.-pat ula into a mold. With nonplastic materials, an organic 
hinder is u-ed. It is usually desirable to make the cones small, 

as they will more readily follow the 
temperature of the furnace. A cone 1 
in. high -with a in. triangular base, 
according to the standard of the 
American Society for Testing Ma- 
terials, is very satisfactory. A mold 
for making these cones is shown in Fig. 
189. Considerable manipulative skill 
is required to make and handle cones 
made from lean or sandy materials. 

The cones should be carefully 
dried before being placed in the 
melting furnace; and if they are fragile, they should be given 
sufficient preliminary heating to frit them together. In placing 



Fig. 1$9. — A mold for maki 
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a cone on a boat, it is a good idea to cut a shallow recess and 
cement the base of the cone into it; but great care should be 
taken to make this cement out of the identical material from 
which the cone is made, as otherwise a reaction may occur that 
will give a fusion point considerably too low. In every case, the 
cone should be placed so that the face will make an angle of 
82 deg. with the horizontal, as shown in Figs. 190 and 191. 

. Effect of Atmosphere on Fusion Point . — The fusion point of 
pure silica or alumina is little, if at all, influenced by the furnace 



Fig. 190. — Cones ready for 
jjlaeing in the kiln. (Courtesy 
of The Standard Pyronietric 
Cone Company.) 



Fig. 191. — Cones after fir- 
ing. Cone C) is just down. 
( Courtesy of The Standard 
Pyrometric Cone Company.) 


atmosphere; however, when any impurity is present, especially 
iron oxide, the atmosphere does have a marked effect on the 
fusion point. Just why the reduced oxide should combine more 
readily with the other constituents to form a low'-melting com- 
pound is not known. Fieldner, Hall, and Feild' 23 found that 
when the iron oxide in the mixture w r as reduced to the metallic 
condition below the softening temperature, little lowering 
of the fusion point resulted. Apparently the act of reduction 
makes the iron oxide more active in combining with the other 
constituents, f 

The influence of the atmosphere on the fusion point of fireclay 
containing very finely divided iron oxide is shown by the results 
of Vickers and Theobald: i63) -The effect of the reducing gases is 
very marked (Fig. 192) and shows that the lowering of the fusion 
point increases almost directly w r ith the iron oxide content. 

Test cones in a reducing atmosphere seldom bend over 
smoothly. Often a hard coating forms, allowing the molten 
center to run out at the base. Fusion points should be taken 
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only when the test cone bends down gradually until the tip 
touches the base, as in A of Fig. 193. W hen a cone bends only 
at the base, as in B , it is probable that interaction has occurred 



Fig. 192. — Curves showing the fusion temperatures of a clay containing various 
proportions of finely divided ferric oxide in various gases. 

between the cone and the plaque. Some materials even under the 
best conditions will not give good readings but will either bloat, 
C 3 or slump down, D. Unless for some special purpose, fusion 
points should always be made in an oxidizing or neutral 
atmosphere. 



*4 B CD 

Fig. 103.- -Behavior of specimen cones on firing. 


3. Fusion Point and Composition. — A number of relations 
have been suggested to connect the chemical composition of a 
clay with its fusion point. Perhaps the earliest work on this 
subject was that of Richter, who showed that various fluxes had 
equal effects if they were taken in molecular equivalents; i.e 
40 parts of MgO would have the same influence on a clay as 
94 parts of K s O. He also stated that if a number of fluxes are 
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present, their influence is proportional to the sum of their 
equivalents. We know now that these relations are not strictly 
true, but this work was a great step forward in logical procedure. 

Richter's law has been applied to fireclay by Ludwig, < 14 > who 
found the law restricted to certain conditions, such as low con- 
centrations and intimate mixtures. 

Schuen (20) gives for the fusion point of a clay, in degrees 
centigrade, the following formula: 

360 + A1 2 O s - RO 

0.228 

The A1 2 0 3 and RO are given in percentage weight, so calculated 
that the A1 2 0 3 and Si0 2 equal 100. He finds that although this 
formula gives fair average results, there are many other impor- 
tant influences, such as grain size and state of oxidation. 

H. Salmang (18) and Hohler (21a) have studied the influence of 
grain size on the fusion point. They find that the finer the 
grain the lower the fusion value. / 

Chiywskii (15) and Tschischewslay (21> have tried to correlate 
the amount of the water of constitution with the fusion point. 

. Many attempts have been made to correlate the atomic struc- 
ture of a crystal with its melting point, for it should be possible to 
determine this value from the bond strengths in the molecule. 
Although certain correlations exist in some of the simple stric- 
tures like a series of alkali halides, the structures are, in general, 
too complicated to handle directly. However, it is possible to 
formulate a few general rules from the data available/ based on 
the discussion of this subject in Chap. IV. 

- In the first place, the only compounds having high fusion 
points are borides, carbides, nitrides, and oxides. It is interesting 
to notice that the four elements boron, carbon, nitrogen, and 
oxygen are adjacent to one another in the periodic table. They 
all have two electrons in the inner, or K, shell and three, four, 
five, and six electrons, respectively, in the outer shell. Although 
we do not have particularly accurate values of fusion point 
for the high-temperature materials, it would seem reasonable to 
expect that the small number of electrons in the outer shell of 
this series correspond to the higher fusion point. Such a correla- 
tion is listed in Table 54./ There are little data on the melting 
I>oint of the fluorides, and none listed goes above 1400°C. (about 
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2550°F.). It 
carbides, and 

Tabu: 54. — i *0 

should be r 
borides are 

ItKi.LATIOX or 

■emembered that most of the nitrides, 
unstable in an oxidizing atmosphere. 

Mki/fino Point and Atomic Structure 

Element 

Oxide, "'(A 

Nitride*, ~C. 

Carbide, °C. 

Boride, °C. 

Ti 

1 S50 

2930 

3140 


< A 

2570 


2300 


Si 

1710 


>2700 d ; 


T:t 

1470 d 

3090 

38S0 


' W 

1473 


2S77 

2920 

V 

1 970 

2050 ; 

2830 


Zr 

2720 

29S0 

2750 

2990 

Hi 

2s 12 

3310 

3530 

3065 

I" 

2170 


2400 


It will aim 

i be noticed 

that all the 

high-melting point com- 

pounds have 

a valence 1111 

mber of 2 or 

over, and a 

general tend- 


<. nv y indicates that the higher the ionic bonding the higher the 
fusion point. We may also note that all the refractory materials 
have a high hardness, generally over 6, if we neglect the unstable 
materials containing the CO* or OH groups. Then again., the 
refractory materials generally have a high density, very few 
being below 3.0. Although very little data are available, there 
b evidence to indicate that materials having the lowest volume 
compre>sibility are the most refractory, which would also follow 
irons, our conception of high bond strength. 

In considering the more complicated compounds of a refractory 
nature, it is interesting to note that practically all of them fall 
into the following four groups: 

RO-ROa 

2RO-RO2 

RO-R2O3 

RO-RO2-RO2 

4. Melting Point of Some Refractory Materials. — Table 55 

shows the melting points of pure refractory materials in so far as 
they are at present available. It should be realized that the 
determination of the fusion points of these very refractory 
materials presents great difficulties .and that undoubtedly more 
refined work will alter many of them in the future. 
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Table 55. — Melting Points op Pitre Refractory Materials 

Elements 


Melting point 

Material Formula Sp„ Q r# 

C. j C F. 

Graphite C 3500 0300 2.5 

Tungsten W 3370 6100 19.0 

Tantalium. . . . Ta 2S50 5160 16.6 

Osmium Os 2700 4890 22.5 

Molybdenum. Mo 2650 4S00 9.0 

Ruthenium... Ru 2450 4440 12.1 

Iridium Ir 2350 4260 22.4 

Boron B 2300 4170 2.5 

Rhodium Rh 1955 3550 12 4 

Columbium. . . Cb 1950 3540 8.4 

Uranium U 1S504 3360 18.7 

Thorium Th 1845 3350 11.5 

Titanium Ti 1S00 3270 4.5 

Platinum Pt 1775 3240 21.4 

Vanadium V 1710 3110 5.7 

Zirconium — Zr 1700 3090 6 4 

Table 55. — Melting Points of Pure Refractory Materials.™ 

( Continued ) 

Oxides 


Material 


Mineral or 
common name 


Formula 


Melting point 


Sp. Gr. 


Aluminum oxide Alumina AI2O3 2050( :,7 > 3722 4.0 r5T) 

Barium oxide BaO 1923t"> 3493 5.72^ 

Beryllium oxide Bromellite BeO 2510 (r,a > 4550 3.0 r A'> 

Calcium oxide Lime CaO 2570< 57 > 4658 3 . 4 37 > 

Cerium oxide Ceria CeOs 2S10( :,1 > 5090 7.3 f - 57 > 

Chromium oxide Cr 2 0 3 2275< s °) 4127 S.27i»* 

Cohalt oxide CoO 1800^> 3272 6.47<- ai > 

Cdumbium oxide Cb20s 1520^ 7 > 2768 4.6Q‘ 57 > 

Gallium oxide Ga 2 0 3 1740<»» 3164 ; a 6 44, £5 . SS'AD 

Hafnium oxide Hafnia HfOa 2S12(^> 5094 j 9.68' ■'«» 

Iron oxide Hematite Fe-*0 3 1560d( 37 ) 2840d j o . l - 57 -> 

Iron oxide Magnetite Fe 3 04 153Sc£ (5T1 2800<i j 5 - 

Lanthium oxide Lanthia La-i0 3 2320< 36 > 420S j 6.5L 37 > 

Lithium oxide Lithia L1O2 |>1700< 57 > >3092 2.01f*- 7 > 

Magnesium oxide Periclase MgO 28Q0( 37 > 5072 3 . 5- r ‘ 7 > 

Manganese oxide Manganosite MnO 1650< S7 > 3002 5 . 1S- 5T) 

Nickel oxide. Bunsenite NiO 3560 7 45' 61) 

Silicon oxide Cristobalite SiOa 1710^) 3110 2.32‘ 37 > 

Strontium oxide Strontia SrO 2430< 5 »> 4406 4.7« 7 > 

Tantalum oxide TaaOs 1470d< 37 > 2678d j 8 . 73«~> 

Thorium oxide Thoria ThOa 3030«*> 5486 9. 69c 57 ) 
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Table 55. — Melting Points of Pure Refractory Matbbials.- 

( Continued ) 

Oxides {Conti) 



1 

: 

| Melting point 


Material 

Mineral or 

Formula 



Sp. Gr. 


common name 





! 

1 

i 

"C. 

°P. 


Titanium oxide 

Titania 

! Ti0 2 

1850<«» 

3362 

4,2<s7) 

Tungsten oxide .... 

■ | 

wo 3 

1473C--) 

26S3 

7. 16(«D 

Cranium oxide 

. ! 

! CO- 

2176(-'> 7 ) 

3949 

5. 6(57) 

Vanadium oxide 

• ■ ! 

| vo 

2050C6D 

3722 


Vanadium oxide 


i voa 

1967C6D 

3573 

4 . 40< 57 > 

Vanadium oxide . 


v 2 Oa 

1970'-5 

3578 

4. 87(57) 

Yttrium oxide 

Yttria 

YteOa 

2410(5") 

4370 

4.84(57) 

Zinc oxide . . . 

Zincite 

ZnO 

>1800(37) 

>3272 

5. 60< 57 > 

Zirconium oxide . . 

. . , Zirconia 

ZrO« 

2720‘sa) 

492S 

5.6(57) 


Silicates 


Aluminum silicate . . 

| Muiiite 

! 3Al 2 O 3 -2Si0 2 

ISlOd^ 7 ) 

3290 d 

3 0(57) 

Barium silicate , . 

| Metasiiicate 

! BaO SiO- 

1605(“7) 

2921 

4. 4' 57) 

Barium silicate 


; BaO-2Si0 2 

1420«O 

258S 

3.73(57) 

Barium silicate 

| Ortbosiiieate 

j 2BaOSiOc 

>1755 t57 ) 

>3191 

3 . 84(57) 

Barium silicate . . 


• 2BaO-3SiG- 

1450 (41) 

2642 

3.93(57) 

Barium aluminum silicate. . 

,■ Celsian 

; Ba0Al 2 0 3 -2Si0 2 

>1700(5") 

>3092 

3.37(57) 

Barium calcium silicate 

! 

1 BaO-2CaO-3SiOs 

1320d«s) 

2408 

Barium zirconium silicate. 

' 

i BaO-ZrOc-SiOs 

1573(6i«) 

2804 

4.65(57) 

Beryllium silicate . . . 

j Metasilicate 

• BeO-SiOs 

>1755' a 7 ) 

>3191 

Beryllium silicate 

Beryllium aluminum sill- 

\ Orthosiiieate 

[ 2BeO SiOc 

2000(57) 

3632 

3 . 0(57) 

cate , . 

Calcium silicate .... 

■ Beryl 

! 3BeOAl 2 0 3 -6Si0 2 
, 3CaO-SiOa 

1410(5 7 > 

1900 f »7) 

2570 

3452 

2.66(57) 

Calcium silicate 

Calcium silicate . . . 

| Qrthosilieate 

j 2CaOSi0 2 

J 3Ca02SiOa 

2130(37) 

1475« 7 ) 

3866 

2687 

3.3(57) 

Calcium silicate ... 

j Pseudowoilostonite j CaOSiOs 

1540' 37) 

2S04 

2 91(60 

Calcium a! umiu um silicate ! 

Anorthite 

, Ca0*Al 2 0 3 *Si0 2 

1550(37) 

2822 

2.77(6D 

Calcium aluminum silicate 

| Gehlenite 

2Ca0-Al 2 0 3 -S10 2 

1590(37) 

2894 

3.04(57) 

Calcium magm slum silicate 

i Monticellite 

CaO*MgO-Si0 2 

149Sd(37) 

2728 

3.2(57) 

Calcium potassium silicate , 


CaO-KaO-SiOs 

1620( 4 6) 

294S 

Calcium zirconium silicate ; 


CaO-ZrOrSiOs 

15S2(6i“) 

2880 

4.3 

Iron silicate . . ! 

! Gruer.-- rite 

FeO-SiOs 

1550«7) 

2822 

3.5(57) 

Mngu.-a.um aI .-at . 

f ori-t-Tlte 

2MgOSiOa 

1S90(57) 

3434 

3 . 2(57) 

Magnesium silicate. ...... 

Magnesium zirconium sili- ( 

Clino-eastatite 

MgO-SiOi 

1557d<5V) 

2S35d 

3.28(57) 

cate. . . j 


MgO-ZrO!»-Si0 2 

1793(61°) 

3260 

4.35(57) 

Manganese silicate ...... j 

Potassium aluminum sili- | 

Tephroite 

2Mn0-Si02 

1320d'4t) 

2408d 

4 . 04(57) 

cate ! 

Potassium aluminum sili- ! 

Kaliophilite 

K 3 0*Al«0 3 -2Si0 2 

1790W0) 

3254 

2 . 6(57) 

cate : 

Leucite 

KsO-Al 2 03*4Si0 2 

1810(34) 

3290 

2.47(57) 

Silica ! 

Ciistobalite 

SlOa 

1710(57) 

3110 

2.32(37) 

Sodium zirconium silicate , , 


NasO-ZrO-rSiO* 

1708(61“) 

3107. 

3.58(51°) 

faodmm aluminum silicate . | Nepbalite j 

Na 2 OAl 2 O s *2Si0 2 

1526(57) 

2779 

2.60 

fetroniisiim silicate. ; 


2SrO*SiC>2 

> 1700(57) 

>3092 

3.84(57) 

Strontium silicate . 


SrO*Si0 2 

1580(57) 

2876 

3.65(57) 
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Table 55. — Melting Points of Pure Refractory Materials. 

{Continued) 

Silicates (Coni) 


Material 

Mineral or 

common name 

Formula 

| Melting point 

Sp. Or. 

°C. 

°F. 

Strontium aluminum sili- 

Willemite 

Zircon 

SrO-Al 2 O 3 *2Si0 2 

2ZnO-Si0 2 

Zn0-Zr0 2 -Si0 2 

ZrOrSiOa 

>1700to) 
1509 {57 > 
207§to«) 
2500' 57 ) 

>3092 

2748 

3773 

4532 

3 . 9 f£7 > 

4 . 57< 6Ia > 
4.5'to) 

Zine silicate 

Zinc zirconium silicate. . . 
Zirconium silicate 

Aluminates (Other than Spinels) 

Calcium aluminate 


5Ca0-3Al 2 0 3 

3CaO-5Al 2 Os 

3CaO*Al 2 C>3 

4CaO *Fe 2 0 3 * A1 2 0 3 

3 CaO -2N a 2 0-o Al 2 0 3 

8Ca0-Na 2 0-3Al 2 0 3 

Li 2 0*Al 2 0 3 

Na 2 OAl 2 0 3 

Ti0 2 -Al 2 0 3 

1455<29) 

1720' 

1535d ,1!9 ^ 

1415<«) 

> 1630< 4S > 
1508d'-«) 
>1625 f 5") 
1650<- 37 > 
1860«»«) 

2651 
! 3128 
2795 
2579 
>2966 
2746d 
>2957 
3002 
33SO 

2. 55 to) 

Calcium aluminate 

Calcium ferric aluminate. . 
Calcium sodium aluminate. 
Calcium sodium aluminate. 

Lithium aluminate 

Sodium aluminate 

Titanium aluminate 


Nitrides 


Aluminum nitride 


AIN 

2150^) 

3902 

3 05 (61 ) 

Beryllium nitride 


Be 3 N 2 

2200< 37 ) 

3992 


Haffnium nitride 


HfN 

33 10 to) 

5990 


Tantalium nitride 


TaN 

3090< 59 ) 

5594 


Titanium nitride 


TiN 

2930to) 

5306 1 

5. IS' 37 - 

Vanadium nitride 


VN 

2050< 37 > 

3722 | 

5 63' 37 

Zirconium nitride 


ZrN 

2980to) 

5396 ! 

| 



Titanates 


Beryllium titanate 

Beryllium titanate 

Calcium titanate 

Calcium titanate 

Calcium titanate 

Magnesium titanate 

Magnesium titanate 

Manganese titanate 

Pyrophanite 

3Be0-Ti0 2 

BeO-Ti0 2 

CaO-TiO- 

2Ca0-TiO 2 

3CaOTiO» 

2MgOTiO> 

Mg0-2Ti0 2 

MnO-Ti0 2 

1810'fifi) 
1720' 3 « 
1980' 54 > 

lSOO' 3 *) 

1S4Q (54 > 
1830 (51 ) 
1670 <51 ) 
1404 <S7 > 

3290 

3128 

3596 

3272 

3344 

3326 

3038 

2559 

4 54' — ) 

Borides 

Haffnium boride.. 


HfB 

3065to) 

5549 


Iron boride 


FeoBe 

1340to> 

2444 


Iron boride . . 


FesBa 

1351 to) 

2464 


Tungsten boride 


WBc 

2920 (59 > 

5288 


Zirconium boride 


ZrB 3 

2990to) 

5414 
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Tablc 55.— Melting Points of Pure Refractory Materials.- 

{ C ou t in tied ) 

Carbides 


Miii'-rsi’. »-r 
aum-- 


Melting point 

F.trmula j < '-r. 

°<\ ' °F. • 


Boron carbide 
Calcium carbide 
Chromium carn:d*- 
< 'hrumiurn carbide 
Crapbit# 3 
Huff in urn carbide 
iron carbide 
Molybdenum curbid* . 
M uly'bdcnum cur tad*-, 
silicon carbide 
Tantalum cun«d>* 
Titanium ‘•urbbiv 
Tul4?st«i carbide 
Tungsten .narhitie 
Tuwten carl id* 
Cranium -'arb'd-- 
Cranium; .-arLd- , 
Vanadium eurMti* 
Vanadium carted 
Z-reuiiani **ar^ .d- 


f'&.i ;ua; zirn_.nut>- 
Majrti'^.uia z re*- :.at-s 
"druiitiuru 


Al m man % .hwpkat * - . 

* "ab.iuru phosj bats 
« ’alc-lum ih* rphut 
» allium phn.'i:hat.' 
f ’uirbnn phu'pLat- d ler.i- 
11 bi'-ium .*11 icon pi .i-phut--. 


BC 

27 . 5 ( 0-1 

4202 : 

2 5 <*i 

CuC> 

2300 . 

4172 1 

2 22 - 

Ur.Ca 

isoo -' ; 

3434 ; 

0 7 --< 

( "rsCa 

1605' 57 J , 

3020 i 

0 g*oa 

r 

> 3000 <i l57) j 

>5432 

2 25 ; -> 

: ere 

3530' 1 ; 

03 S 6 


Fi.uC 

1837 -"I 

3339 

7 4 137 ) 

• MoO 

2570 - 57 - 

465 S 

S. 4 - 5 7 ) 

McnC 

2380 57 1 

4310 

S 9 » 7 > . 

; SiC 

> 2700 d 

> 4 S 92 d 

3 . 17 W) 

TuC 

3 S 80 

7010 


TiC 

3140 * 5 - 

5684 

4 . 25 ’ 6 i) 

: \V c 

2777 -) 

5031 

15 7 * 57 ) 

W S C 

2 S 77' 57 ' 1 

5211 

16 OO^) 

WsC 

> 2700 ' 5T) 

>4892 


UCa 

2200 ' 57 ) 

4100 

11 3 - 57 ) 

t'sCc 

2400 -) 

4352 

11 3 «s") 

WT 

2750 ,s *) 

4982 


VC 

2830 ' &7 > 

5126 

5 4 >st) 

Zr«C s 

2750 ' ™ 

4982 


Zireonates 

BaOZrOe 

2020 ' 

474 S 


CaO-ZrOi 

j 2350 ' «> 

4202 

4 . 78 ' ci' 

MgO-ZrO“ 

, 2150 ^ii 

3902 


FrO-ZrCb 

j> 2 S 00 l47 > 

>5072 



Phosphates 


A!PO« 

> 1500 - 57 - 

>2732 

2 56 ' 57 ) 

* Cas POi'-i 

1070 ‘ 57 ) 

3038 

3 . 14157 ) 

. Cai-PsOtf 

1 G 30 ' 57 ) 

2900 

3 . 06 - 57 ) 

10 CuO- 3 PiOa 

1540 i'* 7 ) ; 

2804 

2 . S 9 f 57 ) 

.uorapatit ■ i CaF-SCaaPaO* 

1630 ' 57 ) | 

j 2900 

3 1 S' 57 ) 

! 5 Cu O Si O-j ■ P2O5 

1 700 ‘ 57 ) 

3200 

3 01 < 57 i 


Bar. ana alumina te 
i ub iuai .iTuniiiiute 
r.,r;alt nlumln.it*- 
F- rroi^s- ai.umiii.nt- . 
Fernj.ts -Lronjutc 

F--rrtt'i' f -rrit» 
Muzh-“«: u ni aium'mit* 
.Magi, -ium -'-hreialte 
Map.- -sum ferrite 
Nivk-i ai umiiiute 
strontium illuminate 
7/m- tUumiiiate 


Spinels 


- 

BaO-AlaOj 

2000 ' so 

| 3632 



CaO-AlsOs 

1000 ' 57 ) 

2912 

3 . G 7 ' fin 


CoOAhOj 

1900151 ) 

: 3560 


r H-. rcy suite 

FeGALOa 

1000 ! 5 o. 

| 2912 

4 22 ,f * ;;lt 

’ Chrrun'tM 

i FeO-Cr-jOa 

>1770 

>3218 

i 4 93 ' 5 -) 

MujZUftlU 

j F eO-FaOs 

1538 */' 6! > 

2 SOO 

5 IS' 6 ") 

Spins i 

: MgO-ALiOs 

2 135' 57 j 

3 S 75 

3 53'5 ) 

I MgO-CrsO: 

> 17 S 0 -- 1 1 

>3230 ; 

4 4115)0 

M agn* - doi'errite 

! MgO-FeaOa 

> 1780 - 51 ) 

>3230 

4 01 (K ) 


; NiO-AlsOa 

2020150 ) 

366 S ' 



SrO-AbCL 

2020' 50 

3668 1 


C«ahTiit‘- 

ZnO-MsOi 

1950 ( 52 ) 

3542 

4 . 54 ( 5 .p 


1 ZnO-Fc? 0 : 

1590 ' B1 ) 

! 2894 

5 27 ' s s) 
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In Table 56, tbe fusion, points of a number of refractory bricks 
are given. These values were obtained with an optical pyrom- 
eter in a tube furnace under reducing conditions and, in many 
cases, will be slightly lower in value than a corresponding 
determination made in an oxidizing atmosphere. 

Table 56. — Fusion- Points of Bricks Manufactured from Native 

Clays 


Material 


Fusion point 
°C. 


Alumina, Fused 

1750 to 2050 

3182 to 3722 

Bauxite 

1732 to 1850 i 

3150 to 3362 

Carborundum (recrystallized) . 
Carbon 

2200 (deeom.) 

very high , 

3992 

Chrome 

Clay, native in: 

1950 to 2200 

3542 to 3992 

Arkansas 

1615 to 1625 ; 

2939 to 2954 

British Columbia 

1615 to 1645 1 

2939 to 2993 

California 

1657 to 16S8 1 

3015 to 3070 

Colorado 

1585 to 1796 ; 

2885 to 3265 

England 

1620 to 1657 | 

294S to 3015 

Georgia 

1685 to 1700 

3065 to 3092 

Idaho 

1660 to 1700 

3038 to 3092 

Kentucky 

1627 to 1718 ; 

2961 to 3124 

Maryland 

1595 to 1640 

2903 to 2984 

Missouri 

1610 to 1750 

2930 to 3182 

Montana 

1580 

2876 

New Jersey 

1582 to 1677 

2S80 to 3051 

New York 

1685 

3065 

Ohio 

1610 to 1782 

2930 to 3240 

Pennsylvania 

1630 to 1757 

2966 to 3195 

Texas 

1615 

2939 

Washington 

1605 to 1638 

2921 to 2980 

Clays high in alumina 

1802 to 1SS0 

3276 to 3416 

Graphite-clav 

1605 to 1675 

2921 to 3047 

Ivaolins (southern) 

1645 to 1785 

2993 to 3245 

Magnesite 

2200 

3992 

Mullite 

1780 to 1800 

3236 to 3272 

Silica 

1700 

3090 

Spinel 

1693 to 2100 

3079 to 3812 

Zircon and Zircon ia 

2200 to 2700 

3992 to 4892 


5. Value of Fusion Points. — The value of a fusion point in 
determining the possibility of a material for specific purposes has 
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often been overestimated. What the fusion point does show 
is whether or not a material is unsuitable above a certain tempera- 
ture. For example, if it should be desired to make a firebrick to 
be used with furnace temperatures of 1600°C. (about 2910°F.), 
and various samples of clays were selected, the fusion-point test 
would eliminate at once all those with a fusion point equal to 
or below that temperature. However, a clay softening at 1850°C. 
j about 3360° F.) would not necessarily be better for this brick than 
another clay softening at 1750°C. (about 3180°F.). > ' 

The fusion point of a material is by no means a criterion of 
its ability to carry a load at high temperatures, which in actual 
use is of considerable importance in determining the maximum 
temperature at which it can be successfully used. For example, 
commercial magnesite has a fusion point of over 2000°C. (about 
3030°F.) ; yet it will not carry a load at temperatures over 
140(!°C. (about 2550°F.) to 1500°C. (about 2730°F.). On the 
other hand, a mullite brick that has a fusion point of 1780°C. 
(about 3230°F.) will show no deformation at temperatures of 
1727°C. (about 3140°F.). 

6. Equilibrium Diagrams. — The equilibrium diagrams in the 
refractory systems' are particularly useful in studying problems 
in the manufacture and use of refractories. A thorough under- • 
standing of the equilibrium conditions will allow one to interpret 
the results of practical tests more accurately, although it should 
be remembered that ceramic reactions seldom reach complete 
equilibrium. In this chapter are included nearly all of the 
equilibrium diagrams that are now available dealing with the 
refractory systems. 

Phase Rule . — The construction and interpretation of the 
equilibrium diagram depends largely on the phase rule, which 

states 

p+r=c+2 

where P — the number of phases 

C — the number of components 
V = the number of degrees of freedom 

The following definitions applying to the equilibrium system 
are commonly used: 

1. System: Any portion of the material universe that we choose to separate 
in thought from the rest of the. universe for the purpose of considering and 
discussing the various changes that may occur within it under various con- 
ditions is called a “system.” 
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2. Phase: The physically homogeneous but mechanically separable por- 
tions of the system are called its “phases.” 

3. Components: The number of components of a system at equilibrium is 
defined as the smallest number of independently variable constituents by 
means of which the composition of each phase may be quantitatively 
expressed. 

4. Variance of a System ( Degree of Freedom): In the application of the 
phase rule to the type of systems under consideration, the independently 
variable conditions usually taken into consideration are temperature, pres- 
sure, and concentration. The number of these variables, which must be 
arbitrarily fixed to define the system completely, is called the “variance” 
or “degree of freedom” of that system. 

5. Equilibrium, : An equilibrium exists in any system under a fixed set of 
conditions when the parts of the system do not undergo any change of 
properties with the passage of time and provided the parts of the system 
have the same properties when the same conditions are again arrived at by 
a different procedure. 

6. Melting Point: The temperature of transition of solid to liquid state 
at atmospheric pressure in which the liquid phase is of the same composition 
as the solid phase is known as the “congruent melting point” of the solid 
phase. This is in contradistinction to the transition of one solid phase into 
a second solid phase with the liberation of liquid of a different composition; 
the latter is called an “incongruent melting point.” 

7. Transition Point: When the pressure is the atmospheric pressure, the 
temperature at which two solid phases can coexist and at which the relative 
stability of the two forms undergoes change is known as the “transition 
point.” 

' Methods of Obtaining High-temperature Equilibrium Diagrams. 
Although the method of using cooling curves has been of great 
aid to the metallurgist, it has not been successful for high-tem- 
perature refractory materials because of the great undercooling 
encountered and the small heat evolved or absorbed compared 
with radiation exchange. Heating curves are somewhat more 
reliable but not generally useful for studies of refractories. , 

The method most used consists in heating the mixture at a 
given temperature until equilibrium is established and quenching 
suddenly to fix the structure developed. A microscopic examina- 
tion will then show the crystalline phases present, if any.- > 

Interpretation of the Equilibrium Diagram. — For a full discus- 
sion of the interpretation of the equilibrium diagrams, reference 
should be made to Hall and Insley. (61&) However, a very brief 
outline is given here to indicate the features of the simpler types 
of diagrams. 

_/Let us first consider a phase diagram .composed of two mate- 
rials completely soluble in each other and forming no compound. 
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As an example, we may take lime and magnesia, shown in the 
diagram in Fig. 194. It will he noted that the solution of either 



material in the other lowers the freezing point and that at a 
composition of 33 per cent MgO, the lowest freezing point is 
reached. When a composition represented by A is considered. 



Fie. 195. "-Equilibrium diagram for 
magnesia ami alumina. / hU-r national 
Critical Tahir a. 


the melt is completely liquid 
above the point 1; but at this 
point, CaO begins to crystallize 
out. At the point 2, no liquid 
is left and the solid consists of 
mixed crystals of MgO and 
CaO. The same thing occurs 
at composition C, except that 
MgO first crystallizes out. At 
the composition B, CaO and 
MgO crystallize out simultane- 
ously and there is no mixture of 
liquid and crystals as there arc* 
lor all other compositions. 
This point is called the 
“eutectic point.” 

Another example may be con- 
sidered where two substances 


are completely soluble in each other but form a single compound, 
such as magnesia and alumina. The simplified equilibrium 
diagram for these materials is shown in Fig. 195. The compound 



the fusion point of refractory MATERIALS 40 


Table 57. — Equilibrium Diagrams 


Binary Aluminates 
Ba0-Al 2 O 3 (Fig. 203) 

Be0*Al 2 O 3 (Figs. 204, 205) 
CaO-AlsOs (Figs. 196, 203, 206, 
208) 

Ce0o-Al 2 O 3 (Figs. 204, 207) 
Co 0-A1 2 O 3 (Fig. 203) 

Cr.>0 3 *Al,0 3 (Figs. 197, 204) 
CuiO-AlaO* (Fig. 204) 

Fe0-Al 2 O 3 (Fig. 198) 

Fe 3 0 4 -Al 2 0 3 (Fig. 204) 

GaaOs-AlsO* (Fig. 204) 

La 2 0 3 -Al 2 0 3 (Fig. 204) 

Mg0-Al 2 0 3 (Figs. 199, 203, 210) 
Mn 3 0 4 -Al 2 0 3 (Fig. 204) 

NiO-AlaOs (Fig. 203) 

SiOa-AlaOs (Figs. 200, 203) 
SrO-AlaOa (Fig. 203) 

ThOa-AlaOs (Fig. 204) 

TiOa-AlaOa (Figs. 201, 203) 
ZnO-AlaOa (Fig. 202) 

Zr0 2 -AlaO 8 (Figs. 204, 209) 

Binary Chromates 
Be0 Cr 2 0 3 (Fig. 205) 

Ca0-Cr 2 0 3 (Fig. 206) 

CeOa-CraO, (Fig. 207) 

MgO-CraOa (Fig. 210) 

ZrO, Cr 2 O s (Fig. 209) 

Binarv Silicates 
BaO-SiOa (Fig. 211) 

Ca0-Si0 2 (Figs. 206, 212) 
FeO-SiO a (Fig. 213) 

MgO-SiOa (Figs. 210, 214) 
MnO-SiOo (Fig. 215) 

SrO-SiOa (Fig. 216) 

TiOs-SiOa (Fig. 217) 

ZnO-SiOa (Fig. 218) 

ZrOa-SiOa (Fig. 219) 

Binarv Thorates 
BeO-ThO a (Fig. 205) 

CaO-ThO* (Fig. 220) 

Ti0 2 -Th0 2 (Fi g. 221) 

Binary Titanates 
CaO-TiOa (Figs. 206, 208) 
MgO-TiOa (Fig. 210) 

Binary Zirconates 
BaO-ZrOo (Fig. 224) 

BeO-ZrOa (Figs. 205, 225) 
CaO-ZrOa (Figs. 206, 222, 224, 
226) 

CeOs-ZrOa (Fig. 207, 209) 
(Ce0 a -Ce 3 O*)*ZrO 2 (Fig. 209) 


CoO-ZrO a (Fig. 209) 

Fe 2 0 3 -Zr0 2 (Fig. 209) 
MgO-ZrOa (Figs. 210/ 223, 225) 
Mn*0 4 -ZrO s (Fig. 209) 
NiO-ZrO a (Fig. 209) 

SrO-Zr0 2 (Fig. 224) 

ZnO-Zr0 2 (Fig. 209) 

Beryllium Oxide Systems 

CaO-BeO (Figs. *205, 220, 226) 
CeOs-BeO (Figs. 205, 207) 
CoO-BeO (Fig. 205) 

Cu 2 0-BeO (Fig. 205) 

Fe 3 0 4 -Be0 (Fig. 205) 
La 2 0 3 -Be0 (Fig. 205) 

MgO-BeO (Figs. 205, 228) 
Mn 3 0 4 -Re0 (Fig. 205) 

NiOBeO (Fig. 205) 

TiO a .BeO (Fig. 227) 

Calcium Oxide Systems 
CeOo-CaO (Fig. 207) 

CoO-CaO (Fig. 220) 

Cu 2 0-CaO (Figs. 208, 220) 
Fe..O*-CaO (Figs. 206, 229) 
MgOCaO (Figs. 220, 228, 230) 
Mn s 0 4 -CaO (Figs. 220, 226) 
XiO CaO (Fig. 220) 

Ceric Oxide Systems 
Fe 3 0 4 *Ce0 2 (Fig. 207) 
MgOCeO, (Figs. 207, 228) 
Mn 3 0 4 Ce0 2 (Fig. 207) 
Magnesium Oxide Systems 
BaO-MgO (Fig. 228) 

CoO-MgO (Fig. 210) 

CuaO-MgO (Fig. 228) 
Fe 3 OyMgO (Fig. 210) 
Mn 3 0 4 -Mg0 (Fig. 210) 
XiO-MgO (Fig. 210) 

SrO-MgO t'Fig. 228) 

Ternary Aluminates 

CaO-MgO-AlaOa (Fig. 231) 

CaO SiO> • Al 2 Oa (Fig. 232) 
MgO-SiOa- AloOg (Fig. 233) 
ZnO-SiOa-AiaOa (Fig. 234) 
Ternary Silicates 

CaO -MgO-SiOa (Fig. 235 1 
CaO-FeO-SiOa (Figs. 236. 237) 
MgO’FeO-SiOa (Fig. 238) 
Ternary Zirconates 

BeO-CaO-ZrOa (Fig. 239) 
BeO-CeOo.ZrO- (Fig. 240) 
CaO-ThOa-ZrO* (Fig. 241) 
MgO-ThOa-ZrOa (Fig. 242) 
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.spinel is formed of a composition containing 72 per cent Mg(> 
and 28 per cent AI 2 O 3 - The diagram may be divided into two 
portions, each one of which is similar to the preceding diagram. 

It is possible to determine the relative amount of liquid and 
solid at any point of the diagram by the so-called “lever prin- 
ciple.” Figure 194 gives the ratio of solid material at point 3 
to liquid by 

Distance 53 
Distance aS 


measuring along the horizontal line ah. 

Equilibrium Diagram* for High-tcmperature Systems. — In Table 
57 are listed nearly all the diagrams of interest in the refractories 
field, together with the figure numbers of the corresponding dia- 
grams that follow. These diagrams were taken from Hall and 
Insley, published in the Journal of the American Ceramic Society 
(1615). 



Fig. 19G. — (Mol per cent.) 
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Fig. 203 . 
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Fig. 204 . 
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Fig. 20S. 
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Fig. 210 . 
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3CaO-Si<VCaO 
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Fig. 235. — (Weight per cent.) 



CaO Weight (%) FeO 

Fig. 236. 
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Fig. 237. 



Fig. 238. 
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CHAPTER XIII 

LOAD-BEARING CAPACITY OF REFRACTORIES 


1. Mechanism of Load Failure. Flow Characteristics of Glass. 
The flow properties of a heated glass fiber are shown in Fig. 243, 
in which the elongation is plotted against time for a single load. 



It will be noted that the flow starts in rapidly but soon decreases 
until it reaches a constant rate. If the straight portion of the 
curve is projected back to the 
zero time axis, the value Si 
is obtained which represents 
the elastic strain. If, at time 
ti, the load is removed, the 
glass will contract rapidly at 
first and then more slowly 
until it reaches a fixed length. 

The amount of contraction is 
equal to Si, or the original 
elastic effect. The heated 
glass is a truly viscous ma- 
terial; for if the steady rate of 



' 'Fig. 244. — Flow characteristics of a 
viscous material (A) and an el as ti co- 
plastic material ( B ). 


flow is plotted against stress as shown in A of Fig. 244 r a straight 
line passing through the origin results. 
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The mechanism of flow in glass can perhaps he made clearer 
by considering a mechanical model, the motion of which repro- 
duces the glass How with considerable exactness. This model, 
shown in Fig. 245. consists of the spring .4, which represents 
the elastic effect in the glass but is restrained from reaching 
instant equilibrium by the dashpots B, representing the restrain- 
ing force or internal friction of the glass. The steady flow of the 
glass is represented by the motion of the dashpot C; the weight 
IF provide-* the extension force. 

Flair af Crystal*. — The How of single crystals of nonmetals at 
elevated temperatures has not been studied with any great care. 

It is believed that the single crystal has 
a definite yield point and is comparatively 
rigid close to the melting temperature. 
Research oil single crystals is complicated 
by the fact that some distortion occurs, 
probably along the slip planes, until there 
is no longer a single crystal and we must 
consider the system as many similarly 
oriented small crystals. A still greater 
| j 1 - departure from a single crystal is a system 

of small crystals with random orientation, 
which gives, in effect, the conditions of an 
isotropic medium. Here again, we have 
little information on the flow properties 
but believe that the material is compara- 
tively rigid up to the softening point. 

Fig. 245.- Model sluai- Flow of a Mixture of Crystals and. Glass. 
^ iag The This mixture, which is a normal charac- 

teristic of most refractory materials, has been studied to a 
considerable extent. Such mixtures are elasticoplastic ma- 
terials, similar in flow characteristics to plastic metals; i.e., 
if the steady rate of flow is plotted against stress, a line 
results that does not pass through the origin but indicates a 
certain minimum stress necessary to initiate flow, as shown in 
curve B of Fig. 244, a characteristic typical of all plastic materials. 
The time-elongation curve, however, is very similar to that for a 
glass, as indicated in Fig. 246 for a porcelain. This shows the 
initial portion of rapid flow and later the gradual conformity to a 
uniform rate. It is characteristic of almost all refractory mate- 





LOAD-BEARING CAPACITY OF REFRACTORIES 439 

rials that the rate of flow soon after the load is applied is much 
greater than after a uniform condition has been reached. Also 
it should be remembered that in plastic flow, the rate of flow is 



BOO 400 600 800 

Hours 

Ftg. 240. — Plastic flow of heated porcelain. 



o 400 800 /BOO 1600 8000 


Temperature °C 

Fig. 247. — The flow field of a porcelain. 

A = field of plastic flow 
B = field of elastic flow 
C = field of instant breaking 
D = field of viscous flow 
E = field of turbulent flow 

roughly proportional to the fourth power of the stress and not 
the first power as in viscous flow. 

In Fig. 247 is shown a more or less idealized type of flow dia- 
gram for a refractory material at various temperatures. 

The flow relations in an elasticoviscous material may be clarified 
by a mathematical discussion. 
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Let S t — the total flow of the specimen 
S e — the elastic portion of the flow 
Si = the total elastic flow under the external force F 
Now the force acting at any instant to cause elastic flow is 

F 1 = F(Si - Se) 

That is, at the start of flow, Fi = F; whereas at the condition of 
equilibrium flow, F x = 0. 

The retarding force restraining the elastic flow is given by 

But at anv time 

Ft = F 2 



This expression represents the flow relation of Fig. 243 and 
the motion of the model of Fig. 245. After a period of time, the 
second term becomes zero and the flow is steady. 

In the case of elastico-plastic flow, we can set up the expression 
for the elastic flow as 

ns, - &) - 1 , (§)’ 

and for the plastic flow as 

Sjj — k^t 


where S p = the plastic flow 

n = (approximately) 

The solution of these equations gives an expression for the 
total flow of 
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2. Method of Measurement. A.S.T.M. Load Test . — The load 
resistances of refractories are almost invariably measured with a 
compression specimen, which is heated under a definite schedule 
and the amount of deformation determined at the end of the 
test. However, tension {29 * 30 ’ 44 - 35 > and torsion ^ 32 - 33 ’ 341 tests have 
been made. . A typical example of the compression tests is the 
A.S.T.M. standard test, which may be quoted as follow’s: 

STANDARD METHOD OF TEST FOR REFRACTORY 
MATERIALS UNDER LOAD AT HIGH TEMPERATURES 

A.S.T.M. Designation: C 16— LL 1 

Issued as Tentative, 1939: Adopted, 1941 

This Standard of the American Society for Testing Materials is issued 
under the fixed designation C 16; the final number indicates the year 
of original adoption as standard or, in the case of revision, the year of 
last revision. 

j 1. Scope. — This method of test covers the procedure for determining 
the resistance to deformation of fireclay refractories, when subjected to a 
specified compressive load at a specified temperature for a specified time. 



Section B-B Section A-A 

Fig. 247a. — Standard load-test furnace. 


2. Apparatus. — a. The apparatus shall consist essentially of a furnace 
and a loading service. - 11 It may be constructed in accordance with Fig. 
247a or its equivalent. 2 

1 A.S.T.M. Standards are subject to revision. The Society’s head- 
quarters, in Philadelphia, may be consulted for the latest information. 

2 This standard, as adopted in 1941, recommends furnaces of three types, 
viz., the direct-load-type, gas- or oil-fired; the direct-load-type, electrically 
heated; and the lever-type load test furnace. Only the last is here 
illustrated. 
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When gas or oil fuel is used. tiie furnace shall be of such form that the 
temperature is substantially uniform in all parts of the furnace. Two 
burners shall be used. These shall be capable of individual control 
ami located to produce a tangential flame that will not impinge on the 
specimens or on the thermocouple protecting tubes. 

b. The temperature 'hall 1 >e measured either with calibrated platinum- 
pUitinuin-fhodium thermocouples, each encased in a protection tube with 
the junction not more than 1 in. ‘25 mm.) from the center of the side 
or edge of each specimen farthest from the center of the furnace, or with 
some form of pyrometer that has been calibrated against a thermocouple 
in the furnace. A recording form of temperature indicator is reeom- 

Table 58. — Time-tkmperati'hk Schedule-* for Heating the 
Tist Fcrxa< j; 

Note: All temperatures shall be maintained within ± 10°C. of those 
prescribed in this table, and the averages of the temperatures attained shall 
qua! those specified. 

"IViiiiKM'tiuiies fui various heating schedules, c O., 
fireclay brick 


Schedule No. : 
<!iper duty 


Schedule No. 2, 
high heat duty 


Schedule No. 3, 
Intermediate 
heat duty 


After 1 

0 

500 

500 

500 


15 

080 

020 

505 


30 

800 

720 

G85 


45 

000 

j 813 

770 

After 2 

0 

090 

i 900 

85 0 


15 

1070 

) 980 

j 020 


MU 

1140 

1 1045 

090 


45 

; 1200 

1100 

1050 

After 3 

<t 

1250 

1150 

1 

1100 


15 

j 1200 

1 195 

i 1145 


30 

! 1330 

1235 

! 1185 


45 

1 1370 

j 1270 

! 1220 

After 4 

U 

J 400 

1300 

1250 


15 

1430 

1330 

1275 


30 

1450 

; 1350 

1300 


45 

i 1430 

\ 1350 

1300 

After 5 

0 

1450 

i 1350 

1300 


15 

1450 

| 1350 

1300 


30 

14-50 

1350 

1300 


45 

1450 

1 1350 

1300 


After 6 


1450 (end) 


1350 (end) 


1300 (end) 
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mended. If the optical pj-rometer is used, observations shall be made 
by sighting into refractory tubes having closed ends and in the same 
relative positions to the test specimens as those specified for the 
thermocouples. 

3. Test Specimen. — a. The test specimen shall consist of a minimum 
of two 9 by 4}i by 2>£ in. straight refractory brick, or specimens of this 
size cut from larger shapes, utilizing as far as possible existing plane 
surfaces. 

b. If necessary, the ends of the specimen shall be ground so that 
they are approximately perpendicular to the vertical axis. 

c. The test specimen shall be measured before testing, four observa- 
tions being made on each dimension (length, width, and thickness) 
at the center of the faces to within plus or minus 0.02 in. (0.5 mm.). 
The average dimensions shall be recorded, and the cross section 
calculated. 

4. Setting the Test Specimen. — The test specimen, set on end, shall 
occupy a position in the furnace so that the center line of the applied 
load coincides with the vertical axis of the specimen as indicated in 
Fig. 247« and shall rest on a block of some highly refractory material, 
neutral to the specimen, having a minimum expansion or contraction. 
(Recrystallized silicon carbide brick have been found satisfactory for 
this purpose.) There shall be placed between the specimen and the 
refractory blocks a thin layer of highly refractory material such as fused 
alumina or silicon carbide, which has been ground to pass a No. 20 
(S40ju) A.S.T.M. sieve (equivalent to mesli No. 20 of the Tyler standard 
series). At the top of the test specimen a block of similar highly refrac- 
tory material should be placed, extending through the furnace top to 
receive the load. 

Noth. — G ross errors which may more than double the deformation will 
result if the specimen is not set perpendicular to the base of the support or 
if the load is applied eccentrically. 

5. Procedure, a. Loading. — The gross load to be applied shall be 
calculated from the average cross section of the original specimen as 
determined in Sec. 3c. A load of 25 lb. per sq. ft. (1.765 kg. per sq. cm . ) 
shall be used. 

b. Heating. — The rate of heating shall be in accordance with the 
requirements of Table 58 and the time-temperature curves shown in 
Fig. 2475 which give the rate and time of heating required for different 
classes of refractory materials. The temperature shall not vary more 
than ± 10°C. from the specified temperature. 

c. Furnace Atmosphere. — The furnace shall be operated with an 
oxidizing atmosphere above 800°C. v 
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j. r p j. k + + Vi a f>vi>iration of the time of heating, the 
d - , C °"f helHhaU stop^d and the furnace allowed to cool by radiu- 
ticn'to < 1000°Ch, or lower, before the load is removed and the specimens 



examined. When the test specimens have cooled to room tempe^ure 
thev shall be remeasured for length in accordance with Sec. 3c, and the 
average deformation shall be recorded and reported to the nearest 
0.5 per cent of the original length. 

Note.— It is recommended that a photograph be made of the specimen 
before and after testing, since these will yield useful information. 

The A.S.T.M. load test has been developed over a long period 
to fit best the needs of the manufacturer and the user of refrac- 
tories and is particularly useful in control testing. As discussed 
later, it does not give information particularly suited to the 
need of the designer. 
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European Load Tests . — In Europe, the load test is generally 
carried out on smaller specimens, i.e., cylinders approximately 
1 in. in diameter and 1 in. high. This method is preferred 
because the temperature can he made more uniform over the 




f Fig. 248. — Electrically heated load test furaace. ( J . Am. Ceram. Soc .) 

specimen and the furnace is smaller and more easily controlled. 
On the other hand, such a small specimen may not represent 
accurately the structure of a coarse-grained brick, and the 
specimens are so short that the precision of measuring the elonga- 
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tion is somewhat less than with the larger specimens. However, 
there are certain advantages with each type of specimen; and 



Fig. 240. — Com rolling apparatus for long-time constant-temperature tests. 

Am. Ceram. Soc .) 



with carefully made tests, either should give reliable results; An 
excellent discussion of the load test is given in the references. C36,37) 
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Long-time Creep Tests. — Recently, some work lias been carried 
out on the load testing of refractories in the same way that creep 
tests are made with metals ; f45o) i.e., the refractory is heated to a 
uniform temperature and then loaded for a sufficient length of 
time to establish a uniform rate of flow. A furnace which is 
heated by electric globars to the necessary temperature for car ly- 
ing out this test is shown in Fig. 248. As accurate temperature 
control is required for these long-time tests, the controlling 
apparatus shown in Fig. 249 has been developed which will give 
a control of ± 2°F. for long periods of time. The length of the 
specimen not only is measured at the end of the run but is 



0.8 1.0 2 4 6 8 10 20 40 


RATE OF FLOW -PER CENT /I000 HR$. 

Fig. 251. — Flow rate vs. load. ( J . Am. Ceram. Soc.j 

measured every day with a pair of telescopes sighting on the ends 
of the specimen in order to determine a time-elongation curve. 
Figure 250 shows such a curve for a firebrick run in this way; 
and in Fig. 251, the flow rates are plotted against load on logarith- 
mic paper. It is felt that for design purposes, the long-time tests 
are much to be preferred to the short-time tests previously 
described. Whether or not the shorter tests give accurate com- 
parisons between various bricks cannot be determined until more 
long-time tests have been made to reproduce more nearly actual 
conditions. 

3. Road Values for a Number of Refractories. — In Table 59 
will be found the comparative load values for a number of fireclay 
brick that have been tested in the A.S.T.M. type load test as 
published by the Refractories Institute. 
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Table 59. — Load-bearing Capacity of Fireclay Brick 


I 

1 1 


i 

* Sub- 



Tirw-issif ion 


Method of ; 
manufacture 

j Brand 

1 No. 

Pyro- 

metric 

cone 

equiva- 

lent 

sidence, 

, per cent, 

[at 1350°C. 
(24G2°F.) 

Alu- 

Iron 

ame 

Tit a- and 

‘om- 

uned 



? load test Silica 
| 23 lb. per 
\ s q. in. 

mina 

oxide 

nia mag- 

nesia 

dka- 

lies 



A 

19 

Failed 

68. 

24.03 

2.57 

1.24 

0.92 

2.01 


B 

31 

12.70 

55.20 

40.00 

2.40 

2.00 

0.80 

1.60 


C 

32 

3.40 

61 18 

35.05 

1.91 

1.04 

0.61 

0.71 

Dry press. 

D 

32 

10.30 

54.22 

38.58 

1.86 

2.26 

0.87 

2.34 


E 

32-33 

3.60 

54.08 

40.97 

2.34 

1.89 

0.40 

1.42 


F 

33 

6.90 

53.00 

42.70 

1.70 

2.04 

0.70 

0.80 


G 

33 

2.60 

52.47 

42.70 

1.56 

1.97 

0.48 

0.62 


\H 

33-36 

0.90 

33 54 

59.64 

1.76 

2.34 

0.54 

1.55 


t l 

31-32 

1.30 

73.81 

21.69 

1.85 

0.90 

0.40 

0.66 



30-31 

4.00 

68.24 

28.29 

1 .55 

0.66 

0.94 

0.32 

Stiff-mud. . . 

) K 

30-31 

5.60 

60.04 

33.22 

1.83 

0.99 

1.20 

2.32 


)l 

32-33 

5.60 

57.44 

36.88 

2.14 

1.80 

0.75 

0.72 


(m 

32-33 

3.90 

52.66 

38.57 

2.28 

2.53 

0 . 

2.64 


Vn 

32-33 

1.85 

52.73 

43.20 

2.29 

1.02 

0.44 

0.37 



29—30 

4.95 

75.96 

21.46 

1.12 

1.10 

0.54 

0.70 



27-2S 

2.02 

70 00 

25.00 

1.20 

1.00 

0.50 

2.30 



30-31 

9.86 

65.28 

28.47 

1.77 

0.56 

0 . 

1.79 

Hand-made. . 


31-32 

3.30 

60.08 

34.04 

1.40 

2. 16 

0.63 

1.84 



32 

S.43 

• 48.42 

44.33 

3.58 

1.70 

0.90 

1.52 



32 

5.95 

51.30 

42.30 

2.23 

2.28 

0.4' 

1.55 



3.3-34 

10.90 

42.20 

49.98 

3.18 

2.40 

0.85 

1.47 


Table 60 .shows load values for a number of special refractories 

run in the A.S.T.M. furnace 
but at the schedule shown in 
Fig. 252 in order to bring all of 
them down to give a direct 
comparison. 

Only recently C46:i have any 
values been available on the 
load values of insulating fire- 
brick. The bricks shown in 
Table 61 are representative of 
those on the market at pres- 
ent. Their load value together with those of two second-qualit\ r 
fireclay brick are given in Table 62 when heated on the schedule 
shown in Fig. 253. It is interesting to notice that some of the 
insulating firebrick, even though they have a porosity of around 



bricks. 
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80 per cent, give a resistance to load superior to the second- 
grade fireclay brick with a porosity of around 25 per cent. 

4. Factors Influencing the Load-bearing Capacity of Refrac- 
tories.^r-In general, it may be said that the load-bearing capacity 
of a refractory is directly influenced by the amount and viscosity 
of the glassy phase. Anything that can be done to diminish the 
amount of glass or raise its viscosity will increase the resistance 



Fig. 253. — Temperature vs. heating time daring load testing of insulating fire- 
brick. (J. Am. Ceram. Soc.) 

to flow. This may be accomplished by adding to the refractory 
a material that will form from the glass a more viscous material 
or a material containing more crystals. For example, a chrome 
brick containing silica as an impurity may have a comparatively 
low load value; whereas if the proper amount of magnesite is 
added to the brick, it will form the crystalline magnesium ortho- 
silicate, forsterite, which wall greatly increase the load-bearing 
value of the brick. ‘ Also, an increase in firing temperature will 
generally increase the load-bearing capacity because it distributes 
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Table 00. — Special Refractories 

Shrinkage 


Type 


Alumina fused commercial 
Baddeloyite 'baddeleyite bond 

Buddeleyite elry bond 

Cy unite 

Chrome commercial 

Kaolin 

Magnesite i Grecian 

Mnllite porors 

Mullire vitreous' 

Silica 'commercial 

Spinel 


Began 

at j 

10 per cent at 

°C. j 

C F. 

! °c. 

i 

°F. 

1 385 

1 

2525 

1716 1 

3121 



(sheared at) 

1560 ; 

2840 

1613 

2935 

1232 : 

2250 

1376 

2509 

1415 ! 

2580 

over 

over 



1630 

2970 

j 


(sheared at) 



1404 

2559 

1385 i 

2525 

1593 

2899 



(sheared at) 

1350 

2462 

1400 

2552 

1552 

2S20 

1727 

3141 

None up to 

1727 

1 3141 



(sheared at) 

1538 | 

2S00 

1646 

2985 



(sheared at) 

1300 ! 

2491 

1510 

2750 


Table 61. 

— Tl>t Daia « 

»n Commercial Insulating 

Firebrick 

Brand 

Use limit. 

Weight, 
lb. per 9 in.- : 

Modulus 
of rupture, 

J Cold crushing 
j strength, 

No 

T . 

straight 

lb. per sq. in. 

lb. per sq. in. 

A 

2000 

1.72-1. 82 

95 

120 

B 

! 2000 

2.21-2.75 j 

197 

172 

C 

i 2000 

1.64 

71 

104 

D 

2000 

2 . 27-2 . 32 

107 

559 

O 

i 2000 

l.SS 

106 

176 

E 

2200 

1.S7-1.96 

| 165 

193 

F 

2200 

2.71-3.07 

s 224 

377 

G 

2200 ; 

2 27 

129 

208 

N 

| 2200 

2.44 

66 

235 

I 

| 2500 

2 . 40-2 . 63 

196 

248 

J 

! 2500 ! 

2.76 

251 

408 

K 

j 2600 

2 . 30-2 . 50 

133 

128 

li 

] 2600 j 

2 . 6S— 2 . SO 

203 

372 

S 

i 2600 ! 

2.40 

127 

196 

M 

, i 2800 

2 . 42-2 . 48 

140 

150 

T 

i 2900 

2.90 

235 

220 
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the glassy phase more thoroughly and permits it to absorb 
crystallizing elements. '* This is shown in Table 63, which lists a 
number of commercial firebricks that were tested as they came 
from the kiln and then after refiring at a higher temperature. 

Table 63. — Effect of Rebvrnixg ox the Load-bearing Properties of 

Firebricks 

As received ! After reburning to 1620°C.* 


Brand 

Shrin 

kagc* 

10 per cent 

Shri 

nkage 

10 per cent 

No. : 

starts 

i 

shrinkage 

starts 

shrinkage 


~C. 

r F. 

=e. 

°F. 

°C. 

j °F. 

°C. 

C F. 

A 

1200 

2192 

1510 

2750 

1480 

j 2696 

1590 

2894 8 

B 

1260 

2300 

1440 

2624 

1460 

! 2660 

1550 

2822 

C 

1200 

2192 

1490 

2714 

1460 

2660 

1570 

2858 

D 

1170 

2138 ; 

1460 

2660 

1490 

2714 

1620 

2948 

E 

1090 

1994 ■ 

1460 

2660 

1430 

2606 

1580 

2876 

F 

1250 

22S2 

1500 

2732 j 

1450 

2642 

1580 

2876 S 

G 

1200 

2192 j 

1500 

2732 1 

1490 

2714 

1590 

2894 S 

H 

1260 

2300 

1520 

276S 

1490 

2714 

1650 

3002 

* r? irjdti 

Cat frS flliiu 

i** Jty shtntr. 

Load, 

2a !b. ptr 

sq. in. 





The structure of the brick also has some influence on the load- 
bearing capacity. For example, a brick of high porosity will 
have less load-bearing capacity than one of the same material 
with a lower porosity, as there is less material in the brick to 
carry the load in the latter case. It must be remembered, how- 
ever, that the porous bricks are lighter and therefore do not need 
to carry a heavy load. - 

5. Application of Load-test Results to Design. — It will be 
clear from the preceding discussion that the results of the usual 
short-time load test are of little value to the designer of furnaces. 
Only with the long-time test that has come to equilibrium flow 
are values available for the designer to use in computing allowable 
stresses in the structure. From the curve in Fig. 251, the data 
may be utilized in the following example: A pier under the hearth 
of a heat-treating furnace has an allowable deformation, of 10 
per cent in its estimated working life of 4,000 hr., which amounts 
to a rate of 2.5 per cent in 1,000 hr. On the curve this 
responds to a loading of 1.7 lb. per sq. in. 


cor- 
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, It is probably safe to say that very few load failures occur in 
actual furnace construction and only in cases where the refractory 
part is heated all the way through, such as in piers, partition 
walls, and highly insulated crowns. Nearly all other parts of 
furnaces have a considerable temperature gradient from the hot 
to the cool side, and therefore the load is supported by a rela- 
tively cool portion of the refractory which is well able to carry 
the load. It is difficult with the data at hand at the present 
time to compute the load-bearing capacity of a wall with a 
variable temperature gradient, but an approximation can be 
made by dividing the wall up into a number of sections parallel 
to the face and considering the mean temperature of each section 
as a temperature for obtaining the load-bearing value. If these 
sections are all summed up, the load-bearing value of the whole 
wall can be roughly computed. It will be found, however, that 
in most cases, the cooler section will be responsible for supporting 
almost the whole load. , 
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CHAPTER XIY 
SPALLING 

Spalling is usually defined as a fracture of the refractory brick 
or block resulting from any of the following causes: 

1. A temperature gradient in the brick, due to uneven heating or cooling, 
that is sufficient to set up stresses of such magnitude as to cause failure. 

2. Compression in a structure of refractories, due to expansion of the 
whole from a rise of temperature, sufficient to cause shear failures. 

3. Variation in coefficient of thermal expansion between the surface 
layer and the body of the brick, due to surface slag penetration or to a 
structural change in service, great enough to shear off the surface layer. 

Many consider only the first type as true spalling. It is 
undoubtedly the predominating effect in refractories such as 
silica, magnesite, and chrome. As this type is caused by the 
inherent properties of the refractory, it offers a good opportunity 
for careful analysis. The second type of spalling is almost 
always due to poor furnace design, and the refractory itself can 
seldom be blamed. The third type can be minimized by using 
bricks burned higher than their subsequent operating tempera- 
ture and by preventing slag penetration in so far as is possible. 

The spalling properties of refractories cannot be consist- 
ently improved until we know the true mechanism of spalling. 
Although the study of stresses and fractures in brittle material 
is by no means well understood, light has been thrown on the 
matter in recent years. This work has been extended by Booze 1 ' 11 ' 
and Phelps, C23) Green, (16) Preston, (15) numerous researches at the 
U.S. Bureau of Standards, and by Endell in Germany. 

1. Temperature Stresses in Solids. — It may be of interest 
to examine first the distribution of stresses in an elastic solid 
when its surface is heated or cooled. It is rather surprising that 
there has been so little recognition of the difference in stresses 
resulting from heating as differentiated from cooling. As will 
be shown later, the stresses as well as the fracture are quite differ- 
ent in the two cases. An investigation, therefore, has been car- 
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ried out b} 1 ' the photoelastic method to determine the stresses 
occurring in various objects when suddenly heated and cooled at 
the surface. 

Photoelastic Method . — The method of studying stresses in 
various structures by photoelasticity has recently been used to a 
considerable extent in determining the distribution of stress in 
objects where a direct computation is impossible. For example*, 
valuable studies have* be«*n made* of the stresses in hooks, eyebolts, 
ships’ hulls, and gear teeth, although it is believed that very little 
work has been previously carried out on the measurement of 
temperature stresses by this method. 

Photoelastic models must be made from a transparent isotropic 
medium In this case, clear bakelite was selected because of its 
high stros-optical coefficient. 

Polarized light is passed through a plane specimen, which 
becomes double refracting under stress and retards the two wave 
systems according to the values of the principal stresses p and g. 
The two wave yv- terns interfere when passed through an analyzer 
and give Foekromatic bands proportional to the difference p — q. 
Th«. isochrumaTie lines are also lines of principal shear, for the 
principal shear stress at any point is equal to one-half the differ- 
ence of the two principal stresses. The separate values of p and 
q may be determined by repeating the observations with circularly 
polarized light, which -'hows the isoelinic lines, or lines of equal 
direction of principal stresses. The values of p and q can be 
calculated from the isoelinic and isochromatic lines, the boundary 
conditions, and the constants of the material. It should be 
emphasized that this method applies only to a plane object. 

Temper afore Sires* Tests. — The first model to be studied was a 
disk. This disk was carefully maintained at 50°C. (122°F.); 
then the circumference was suddenly heated to 100°C. (212°F.) 
by steam, and the resulting development of stresses watched until 
they had reached a maximum value, which required about, 
45 sec. The experiment was then repeated by suddenly chilling 
the circumference from 50°C. (122°F.) to 0°C. (32°F.) by means 
of ice water, and the stresses were similarly studied. In Fig. 254 
are given the magnitudes and directions of the shear and resultant 
stresses under these conditions. 

It will be observed that when the circumference is suddenly 
heated, tangential compression of considerable magnitude is 
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developed near the surface but the center of the disk is under 
a slight tension having an equal magnitude in all directions. 
The radial stresses are zero at the circumference but increase 
slowly toward the center. On the other hand, when the cir- 



Sheormg Stresses Tangent/a/ Stresses Principal Stresses Shear Stress 


SURFACE HEATED 

Intensify of Racha/ 



SURFACE COOLED 

Fie;. 254. — Stresses in a disk. ( J. Amtr. ( t ram. Soc.j 


cuinference is cooled, the surface is under considerable tension 
and the center of the disk is under light compression. In both 
cases, the shear stresses are the same and reach a maximum at the 
circumference. Their direction is everywhere at 45 deg. to the 
radii. 

The next model tested was a brick heated on the end. The 
stresses are shown in Fig. 255 in the same way as for the disk. 
On heating, a compression maximum occurred at the center 
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It will be noted that at the corners, the shear lines are curved and 
follow the isothermals closely. 

Figure 257 shows a model representing a brick in a wall when 
this wall is heated and. cooled at the surface. The isothermals 
will then be parallel to the heated surface. It will be noted that 
the resultant normal stresses are nearly parallel and perpendicular 
to the surface of the wall and that the shear stresses are at 45 deg. 
to them. 

Conclusions . — We may conclude from the preceding results 
that 

1. The stresses set up in a solid by suddenly heating the surface through 
a certain temperature interval are of the same order but of opposite sign 
from those set up by cooling the surface through the same temporal m e 
range. 

2. No high tensile stresses are developed on sudden heating. 

3. The maximum shearing stresses are equal to one-half the maximum 
resultant stresses. 

4. The stresses are generally low at the corners and interior of the speci- 
men but reach their highest value along the heated sides at a distance 
from the corners. 

2. Study of Cracks Developed in Spalling. — In order to 

correlate the types of cracks formed in the material when heated 
and cooled, with the stress distribution previously determined, 
a number of spheres and bricks were made up with a fine-grained, 
porcelain-like structure in order to make spalling occur readily. 
These objects were gradually heated to 900°C. ( lo52°F.) for the* 
first condition and were placed in still air to cool. Under the 
second condition, the objects were heated by placing suddenly in 
a furnace that had a temperature of 900°C. (1652°F.). 

Spheres. — Let us first consider the sphere that was suddenly 
cooled (Fig. 258). It will be noted that, in general, the fractures 
follow great circles. When the portions of the sphere were 
separated, it was noted that the cracks entered the surface in 
every case at approximately 90 deg. On the other hand, when 
the sphere is suddenly heated, a quite different type of fracture 
is obtained, as shown in Fig. 259. In this case, the fractures 
entered the surface at 45 deg. and tended to split off circular seg- 
ments of the sphere having a height of approximately one-quarter 
the diameter. . 
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Bricks . — Standard-size bricks were made up of the same mate- 
rial as the spheres. They were also heated and cooled in the 
same way. In Fig. 260 are shown the fractures resulting from 
rapid cooling. It will be noted that the fractures enter, in 
nearly everv case, at right angles to the surface and tend to break 
the brick into cubes. Figure 261 shows the same brick when 



Fio. 25S. — Cracks iu a sphere? 
suddenly cooled. (J. Am. 
( \ram . Roc.) 



Fig. 259. — Cracks in a sphere 
suddenly heated. (/ . Am. 
Ceram. Soc.) 



Fig. 200.— Cracks in a brick 
suddenly cooled. (, J - Am. 
Ceram. Soc . ; 



Fig. 261. — Cracks in a brick 
suddenly heated. ( J • Am. 
Ceram. Soc.) 


heated suddenly. The typical spalling failure is shown at the 
edges and corners ; and in every case, cracks enter the surface at 
approximately 45 deg. 

As a brick does not consist of a homogeneous material, it is 
possible to have a weakening or disintegration of the structure 
aside from actual fractures. This effect is usually due to a 
difference between the coefficient of thermal expansion of the 
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bond and that of the grog particles. This may be due to the use 
of different materials for the grog and bond or to a low-burned 
bond when the mateiial is the same throughout. Goodrich'* lsi 
has examined the loss in strength due to repeated heatings and 
finds a distinct weakening of the brick structure. 

Conclusions . — We may conclude from the preceding studies 
that spalling is due to both shear and tension failures. On sudden 
heating, spalling is due almost entirely to shear stresses; and on 
sudden cooling, to tension stresses except at the corners and 
edges, where shear stresses may still cause failure. The shear 
values are about equal on heating and cooling, but there are no 
large tension stresses on rapid heating. 

Shear failure occurs suddenly; i.e., complete pieces are split 
off at each cycle of heating, and they begin to split at the edges 
and corners, so that a brick tends to approach a spherical shape 
on the end. The shear cracks follow in the lines of shear deter- 
mined by the photoelastic method very closely, as is indicated by 
the slight curvature of the shear fractures at the corners. 

Tension cracks seldom occur near the corners but usually 
first appear halfway up the brick where the tensile stresses are a 
maximum. The tension cracks enter the surface at 90 deg. 
They do not occur as suddenly, as do shear fractures, but pene- 
trate deeper and deeper at each cycle until finally the cracks 
meet at the center. In every case, the tension failures follow 
approximately the lines of principal stress, although the deviation 
was considerably more than for the shear stress, owing undoubt- 
edly to the length of the cracks and the greater influence of 
discontinuities. 

It should be noted at this time that the stress distribution 
is much altered after a crack starts, as was pointed out by 
Preston. (15) Generally, however, the tension cracks enter and 
leave at 90 deg. and shear cracks at 45 deg. to the surface. The 
fracture need not follow 7 the direction of stress everywhere but will 
travel in such a way as to release the maximum strain energy. 
A great deal of confusion has been caused in the past by failure 
to differentiate between the effects of heating and cooling. 

3. Theory of Spalling Due to Shear Stresses- — As shown 
in the preceding pages, a spalling failure may occur either by a 
shear or by a tension fracture. If ive first assume a shear failure, 
1 which appears to be the most common type, it is possible to 
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analyze the mechanism of spalling in terms of the physical prop- 
erties of the material. 

Temperature Distribution . — It is necessary at first to consider 
the distribution of temperature in a homogeneous solid. We 
shall first make the assumption that this solid has one infinite 
plane surface*. Originally this solid is at a uniform temperature* 
of t Qi but at time m the surface is suddenly cooled to a tempera- 
ture of £ 2 . The problem is to find the temperature distribution 
in the solid for different values of r. For the solution, it will be 
necessary to apply Fourier's equation of heat flow. As the sur- 
face is infinite, the isothermal planes will be everywhere parallel 
to the surface of the solid. Putting t 0 = t t — f s or simply 
shifting the temperature scale, the temperature t at any distance 
below the surface x and at any time 7 will be given by 

X 

9/ f*'2h \ V 

/ = ~ \ (1) 

V K Jo 

where h = a constant of the material 

The diffusivity of a material, or the rate at which a point in a 
hot body will cool under definite surface conditions, is known as 
h~ and is equivalent to k; pc p , where /: is the conductivity, p the 
density,, and c P the specific heat. It should be noted that the 
preceding equation is in the form of the probability integral and 
can therefore be readily evaluated from tables. 

As will be shown later, the stress set up in a homogeneous mate- 
rial as a result of a change in temperature is proportional to the 
temperature gradient at any point. It will therefore be necessary 
to differentiate the preceding equation with respect to x. 

We have 

dt 
dx 


To show the practical application of this equation, curves 
have been plotted in Fig. 262 to give the temperature gradient 
h = 0.080 when a body is cooled suddenly from 850°C (1562°F.) 
to room temperature. The gradient is, of course, highest at the 
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surface but falls rapidly toward the interior. Near the surface, 
the gradient falls rapidly with increasing time;' but at a certain 
depth, the gradient increases with the time. This is one of the 
reasons why spalling does not usually take place immediately 
after the specimen is chilled. 



Fig. 262. — Temperature gradients at different levels below the surface of a 
cooling body. (J. Am. Ceram. Soc.) 


* In an actual case, the surface is not instantaneously cooled 
(1) because a cooling medium cannot be instantaneously intro- 
duced, and (2) because perfect thermal contact cannot be 
made between the cooling medium and the ^ c 

surface of the brick. The equations can 
be modified to take care of this effect, as 
suggested by Ingersoll and Zobel/ 2 ’ by 
adding a fictitious distance beyond the true 
surface. In this instance, however, as we 
are not interested in the region very close 
to the surface, it will be more convenient 
to use a constant k to modify h. 

Only the case of 'an infinite plane surface 
has been considered. At the edge of a solid, 
the isothermal planes vfill not be parallel 
to the surface but will be rounded off as in Fig. 263. This may 
be explained by considering that point A is cooled by the area 
ahc in addition to the cooling received from an infinite surface 
such as a point at B. As the isothermals recede further from 
the surface, the area abc increases and corresponding departures 
from parallel conditions exist at corners. 



Fig. 263. — The 
rounding of isothermal 
planes qfi the edge of a 
solid. (./. Amer. Ceram. 
Soc.) 
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It is important to notice that the temperature gradient is 
slightly less at the edges and the corners than at the faces of a 
cooling brick; hence, corners spall off because of mechanical 
weakness rather than because of greater temperature gradients. 

Temperature Stresses . — Now that we have the temperature 
distribution in a solid, it is possible to study the distribution of 
stresses. We shall first assume that the material is an elastic, 
homogeneous medium. It will be shown later that in the tem- 
perature range at which spalling occurs, the brick is perfectly 
elastic. The homogeneity will depend upon the structure of the 
brick and upon the process of manufacture. 

The exact evaluation of the stresses in a brick under a given 
temperature distribution cannot be solved mathematically except 



in a few ,-imple cases; however, it is required to find the tendency 
to spall only in terms of the physical properties of the material; 
f.c., comparative but quantitative results are desired among 
various types of brick tested in the same manner. , 

hot us consider an isothermal plane ab in a portion of a heat- 
ing or cooling brick at a given instant of time (Fig. 264). Let 
the temperature of the plane ab be t and that of another iso- 
thermal phyie dx distant be t -f- dt , which gives the temperature 
gradient dt tlx. Let the plane cd cut the isothermal surfaces at 
a neutral point of shear. Now measure along ab a distance s, and 
erect the plane if. If the temperature throughout the brick were 
t, this plane would be normal to ah; but under the existing con- 
ditions, it will cut the t -f- dt isothermal at a distance s + sa dt 
from ed. The coefficient of expansion is a. 

The shear strain is measured by the deflection of one plane 
with respect to another divided by the distance between them. 
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In this case, 


sol dt 
4, = -^ 


dt 


dx 


(3) 


This means that the strain set up in a heating or cooling body 
is proportional to the size, the coefficient of thermal expansion, 
and the temperature gradient. This explains why large glass- 
ware cracks on cooling or heating more readily than small ware. 
In large pieces of refractory ware, the temperature distribution 
may be so uneven that strict proportionality to s may well be 
doubted. This does not greatly concern us, for we shall compare 
specimens of the same shape and size and with the same tempera- 
ture gradient. The shear fracture theoretically should occur at 
45 deg. to the isothermal but often is parallel to it. However, the 
direction of fracture does not affect the reasoning. 

The shearing stress at any point is 

/ == 4> n (I) 


where n = the coefficient of rigidity 
From Eq. (2), 


dt _ &i 
dx h 


(5) 


where ki — sl constant 

This follows, for dl/dx is closely .proportional to 1/h because 

X- 

small changes of A in the term e 4/i “ T have little effect when r is 
reasonably large. 

Then the tendency to spall & s is 

dt 

f <fin dx 

fb fb fb 



( 6 ) 


where fb = the shearing strength 
But for brittle materials, 


n 



(7) 


where <p b — the maximum shearing strain, or flexibility 
Therefore, from Eqs. (6) and (7), 



( 8 ) 
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This shows that the spalling tendency of a brick is proportional 
to the coefficient of thermal expansion divided by the square root 
of the diffusivity and maximum shearing strain. 

4. Theory of Spalling Due to Tensile Stresses. — The preced- 
ing theory has been based entirely on the shear failure of a 
material under shear stresses. It was seen that this failure 
would occur on sudden heating of the brick. The sudden heating 
produces local compressive stresses in the material since* the 
portion at a higher temperature tends to try to expand, but this 
being prevented by the cooler portions places the hotter portion of 
the brick in compression. It is known that brittle materials fail 
in shear when subjected to compressive stresses; hence, we get a 
shear failure under these conditions. 

If the brick is suddenly cooled, a different phenomenon is 
involved. When one portion of the brick is suddenly cooled 

below the temperature of the 
adjacent material, the part of 
the brick at the lower tem- 
perature tends to contract, 
but this contraction is pre- 
vented by the adjacent por- 
tions which are at a higher 
temperature. In this case, 
tensile stresses are set up in 
the cooler portion; and since 
the shearing strength of a brittle material is usually considerably 
greater than the tensile strength, the brick will fail in tension, 
provided sufficiently rapid local cooling is present. 

Let us then visualize a portion of the brick as shown in Fig. 265, 
which we will assume to be at the uniform temperature t 0 . This 
means that at the start, the isothermal planes ab and cd , which 
are initially separated by the distance dx , are at the same temper- 
ature to. The surface of the brick is now cooled to a temperature 
in; and at a later time r, the planes ab and cd possess temperatures 
t and t + dt, respectively, where the temperature is .given by Eq. 
(1). Let us consider a gage length s between points M and N on 
plane cd. As a result of the lower temperature on plane ab , the 
material on this plane tends to contract by an amount AS. This 
contraction is, however, prevented by the adjacent material, and 
a tensile strain is set up in plane ab of amount 



Fig. 2 bo. — Illustration of tensile stresses 
in a heating or cooling brick. 
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A S 
S 


a - dt 


where a. = the coefficient of thermal expansion 
Now, from Eq. (5) 


dt __ 7c i 


and 


<r = E - 'L 


It follows from the preceding equations, then, that 

a — E • oc - dt ~ E ‘ a. • ^ ■ dx 

h 


(9) 


( 10 ) 

( 11 ) 


If cr b is the breaking stress of the material or the so-called 
“ tensile strength/ ’ 


tr b = E * 


( 12 ) 


where = the tensile breaking strain 
The tendency to spall then becomes 


^ >t cr b 


E 


a ‘ k i • dx 7 j a. 

Ehir~ =ki ' dx hx b 


(13) 


It will be noted that Eq. (13) has the same units and is in the 
same form as Eq. (8) of the preceding section. Instead of the 
shear strain at fracture, we have the tensile strain and in 
place of the distance S from the neutral place of shear, we have 
the distance dx over which the temperature drop dt exists. 

Let us now compare this equation with the Winkelmann- 
Sehott (1) equation which is as follows: 


A' A" _ t Q - E • ax 

A 2 h Vr 


(14) 


where A' } A", A = constants 

to = the temperature of the outer layer 
The tendency to spall Is 

o/ _ £. „ _ A' - A/ to ' <x - x 
‘ ~ rt, ~ 2 Ah Vr (o - b /E) 


( 15 ) 
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or 


where 


s - - ' * ■ (*T.) 

7 A' A" t Q 

fCz “ 2A V? 


(1G) 

(17) 


It is thus seen that the Winkelmann-Seliott equation can b(' 
put in the same form as given by Eq. (S) or (13). In the deriva- 
tion given in the original article by Winkelmann and Schott, the 
size factor x was absorbed in another constant B, where B is 
essentially K;i\ This, of course, can be done, since the purpose 
was to compare the spalling properties of various glasses for the 
same values of r and x. 

5. Experimental Confirmation of Theory. — In order to deter- 
mine the validity of the equation for tendency to spall, the 
physical characteristics of a number of different bricks were 
tested and the tendency to spall, as computed from the preceding 


Table 04. — Charac teristics of Brick Tested for Spalling 



Material 

Grog 

Bond 

Hardness 

Approximate 

burning 

temperature 

Remarks 






°c 

°F 


A. 

Fireclay .... 

. . . . Very coarse 

Soft 

Soft 

1200 

2300 

Commercial brick 

B. 

Sillimanite . 

.... Medium 

Little 

Hard 

1GS0 

3050 

Special brick 

C. 

Fireclay . . . 

. . . Very course 

Soft 

Medium 

1430 

2600 

Same as A (hard 
burn) 

D. 

SIC 

. . . . 20-mesh 

M classes 

Hard 

1540 

2800 

Special brick 

E. 

Fireclay .... 

. . . . Coarse 

Soft 

1 Soft 

1316 

2400 

Commercial brick 

F. 

Bauxite. . . . 

. . . . Fine 

Little 

Hard 

1704 

3100 

Special brick 

G. 

Fireclay .... 

. . . . Medium 

■ Soft 

Soft 

1316 

2400 

Commercial brick 

H. 

Kaolin ..... 

. . . . Medium 

Little 

hard 

Very 

hard 

1050 

3000 

Commercial brick 

I. 

Fireclay .... 

. . . . Fine 

Soft 

Soft 

[ 1200 

2300 

Commercial brick 

L 

Fireclay .... 

. . . . Medium 

Hard 

i Hard 

1200 

2300 

Commercial brick 

K. 

Fireclay .... 

. . . . Fine 

Soft 

1 Soft 

1200 

2300 

Commercial brick 

L. 

Spinel 

. . . . Medium 

Hard 

Hard 

1370 

2500 

Commercial brick 

M. 

X. 

Silica 

Same as C 
heated to 
2900°F 

.... Fine 
pre- 

i 

None 

Hard 

i 

| 14S0 ; 

2700 

Commercial brick 
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formula., was compared with the actual spalling characteristics 
of the brick. 

Flexibility in Shear . — In order to measure the characteristics 
of the bricks as listed below, a number of 1 X 1 X 9-in. bars were 
sawed out of each specimen. These bars were then cemented 
into holders, and the angle and torque measured up to the 
breaking point at a temperature of 500°C. (932°F.). 

Such a low temperature is justified because it has been noticed 
that spalling nearly always occurs at about red heat. In 
all cases where the specimen was carefully held, there was no 
permanent set after removing the torque until a point was 
reached just before failure; i.e ., the specimens all acted as if 
perfectly elastic. The bricks tested are described in the table 
below and represent a wide range. Some are experimental 
bricks ; others are of extensively used commercial brands. 

The Coefficient of Expansion . — The coefficient of thermal expan- 
sion of each type of brick was measured at 500°C. (932°F.). In 
general, the brick having the greatest coefficient of thermal 
expansion had the highest content of silica, but we are by no 
means justified in using the silica content of a brick as an index 
of its coefficient. 

Diffusivity . — The value of the diffiusivity can, of course, be 
obtained by measurements of thermal conductivity and specific 
heat. These measurements, however, are laborious and slow; 
so a simple method of measuring the relative diffusivity was 
devised. A 2-in. cube of the material was cemented from 
four 1 X 1 X 2-in. blocks with a thermal junction at the center; 
was suspended by the junction -wires in an electric furnace until it 
had reached a constant temperature of about 550°C. (1022°F.); 
and then was taken out and suspended in a room free from drafts. 
The temperature of the center was recorded, and the slope of the 
cooling curve at 500°C. (932°F.) taken as the value for the 
diffusivity. This method is rapid and accurate where only 
relative values are desired. 

The values of the diffusivity given are entirely arbitrary, and 
the results are comparable only among themselves, but it will be 
noted that with the exception of the silicon carbide specimen, 
the values of h vary only a few per cent and cannot be an impor- 
tant factor in spalling. 
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Comparison with Actual Spalling Tests . — The results from 
laboratory air-spalling tests are also given. A comparison 
between this test and actual service results has been made, and 
the agreement is generally good. . From five to ten bricks of each 
kind were spalled, and the average taken. 

Attention should be called to the two values given for bricks 
B and F. These two bricks showed the common type of shear 
spalling at the comers for several quenches, then suddenly 
broke across the center with a tension failure. The first value 
in the table gives the quenches actually obtained, and the 



Fig. 2 «> 0 . — A plot showing cox-relation between theoretical and experimental 
values of spalling. \J. Amer. Ceram. Soc.) 

second is estimated from the amount lost by shear. The first 
values have been disregarded in drawing the curves. 

If the value of a: h <f> b Is an index of the spalling tendency of a 
brick as indicated by the theory, then these values plotted 
against the number of quenches for each specimen should fall 
along a curve rather than be widely scattered. Such a plot has 
been made in Fig. 266, and it is quite clear that the points group 
themselves into a definite band. The deviations that occur can 
be explained by the fact that some of the bricks were altered from 
their original characteristics in heating. 

Specimen K. which is considerably below the mean curve, 
was noticeably laminated in structure. The higher values for 
bricks B and F were only estimates. 
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Table 65. — Constants for the Bricks Tested 


Brand 

<f>b 

a 

h 


Number of 
quenches 

A 

0.114 

0.0000051 

6.2 

72 X 10~ 7 
115 

26 5 

B 

0.052 

0.0000039 

6 . 5 

8.0 

B 

0 . 052 

0.0000039 

6 . 5 

115 

24 0 

c 

0.050 

0.0000050 

* 6.3 

157 

23.0 

D 

0.072 

0.0000031 

9.9 

44 

* 

E 

0.057 

0 . 0000053 

6 . 5 

143 


F 

0.032 

0.0000037 

6.2 

110 

2.0 

F 

0.032 

0.0000037 

6.2 

no 

15.0 

G 

0.090 

0.0000104 

6.2 

187 

12.2 

H 

0.050 

0.0000063 

6.4 

197 

10.6 

I 

0.107 

0.0000133 

6.3 

197 

8.4 

.T 

0 . 050 

0.0000071 

6.0 

237 

5 . 2 

K 

0.089 

0.0000126 

6.2 

229 

2.7 

L 

0.032 

0.0000116 

6.4 

567 

2.4 

M 

0.094 

0 . 0000405 

6.7 

644 

0.3 

X 

0.060 

0.0000072 

6.1 

197 





* No exactly comparable spalling value was available for this brick; but it is undoubtedly 
lower than should be expected, as an oxidizing atmosphere tends to convert the SiC into 
SiOa and thereby to raise the coefficient of thermal expansion. 


The form of the curve is of interest, for it approaches a rec- 
tangular hyperbola asymptotic to the two axes. When the 
value of a./ 4>bh is high, the bricks show little difference in spalling 
resistance, as they are almost completely shattered at the first 
temperature change. On the*other hand, the bricks having a 
low value of &/ <f> b h increase rapidly in spalling resistance as a./ <$> b h 
is decreased. This behavior is not unexpected, as it is simply an 
approach to a classification of bricks into two sets: those which 
spall on the first quench and those which do not spall under an 
infinite number of quenches. 

The best spalling brick of those tested withstood 26 quenches 
and had a value for a/4> b h of 72 X 10" 7 . Suppose that b> r 
slightly increasing the flexibility or by decreasing the coefficient 
of thermal expansion, a value of 50 X 10 -7 were obtained; the 
brick should then withstand about 50 quenches. This illus- 
trates the possibilities of making remarkable nonspalling brick. 

On the whole, it w^ould seem that the theoretical work agrees 
with practice as closely as the nature of the tests allows. Although 
this method cannot be recommended to replace the usual spalling 
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tests without a more thorough trial, it is felt that more informa- 
tion is obtained by it as to the causes of spalling in a certain 
brick than by other methods. 

It is interesting to note that Booze' 111 and Phelps (23 ' inde- 
pendently came to the same conclusions after testing a number of 
experimental bricks for coefficient of thermal expansion, diffusiv- 
ity, and flexibility. They found that the best spalling bricks had 
the greatest flexibility and that the diftusivity had no appreciable 
effect. Ended V 26 work on magnesite brick checks this theory. 

6. Laboratory Spalling Test. — The expense and the time 
required to determine the spalling characteristics of bricks in 
service are so great that a laboratory spalling test is highly 
desirable. 

A number of spalling tests have been suggested and used. 
In most cases, they consist in subjecting the brick to a severe 
thermal shock in order that the test may produce definite results 
in a reasonably short time. Tests on single bricks, as formerly 
used, have now been almost abandoned, as they do not in all 
cases correspond to service conditions. Therefore the present 
A.S.T.M. test on a panel will be described. It is quite satis- 
factory but requires expensive equipment. 

PANEL TEST FOR RESISTANCE TO THERMAL AND 
STRUCTURAL SPALLINGS OF REFRACTORY BRICK 

A.S.T.M. Designation: C 38-42 1 * 
Adopted, 1936* Revised, 1942 

This Standard of the American Society for Testing Materials is 
issued under the fixed designation C 3S; the final number indicates 
the year of adoption as standard or, in the case of revision, the year 
of last revision. 

1. -Scope. — -Thi> method of test is intended to show the resistance of 
refractory brick to tiie separate and combined effects of structural and 
thermal spalling. The test is believed to give a sufficient simulation of 
service conditions to suggest its use as a suitability test for certain classes 
of service that have been correlated with the test data (see Note). 

Note: Such correlation is now available in the case of high-heat-duty 
clay brick for stationary boilers, malleable iron furnace bungs, and incin- 
erator furnaces. 

1 A.S.T.M. Standards are subject to revision. The Society’s head- 

quarters, in Philadelphia, may be consulted for the latest information. 
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2. Apparatus. — The following apparatus and equipment 1 are needed; 

a. Panel Frame . — A panel framework shall be used which is essentially 
the same as that shown in Fig. 266a. 

b. Preheating Furnace . — A preheating furnace shall be used, con- 
structed essentially like the design shown in Fig. 2666. 



Section Through Brickwork at B~B 



Front View of Pane! 


Fig. 266a. — Panel frame and brickwork. The brick around the test panel 
are dummy brick which are used to help maintain uniform conditions within the 
panel. 

c. Spalling Furnace . — A spalling furnace shall be used, constructed in 
a manner as shown in Fig- 266c. 

d. Temperature-measuring Instruments . — The temperature of the test 
pan$l during the preheating shall be measured by means of an optical 
pyrometer. The spalling furnace temperature shall be determined by 
means of a platinum, platinum-rhodium thermocouple. 

1 The complete set of drawings necessary for the construction of the panel 
spalling equipment would require too much space to be included with the 
procedure, but these are available at a nominal charge from the Refrac- 
tories Fellowship, Mellon Institute of Industrial Research, Pittsburgh. Pa. 


4 ' 


Pyrometer 


insulating Brick' D ’ Insulating Brick' 

Section A"A Section B~B 

Fig. 2GG*j.- — D esign of preheating furnace. In section BB there is shown in 
position one of the two panels used during the preheating. 

4. Panel Construction. — The test brick shall be laid up so as to form a 
panel not less than IS in. square, so that a 9- by 2t£-in. surface of each 
brick will be exposed to the heat-treatment. Each test brick shall be 
labeled with ceramic paint on the face opposite that to be tested and then 
weighed to the nearest 0.05 lb. There shall be placed about the panel 
test specimen a suitable grade of refractory dummy brick, in the manner 
shown in Fig. 206a. The dummy brick shall extend H in. beyond the 
surface of the test panel. All brick in the test panel shall be laid up with 
refractory kaolin unless otherwise specified. The joints shall not be 
thicker than 3 £ c in. The insulation shall consist of a material suitable 
for service at 1300°C. and of a specified insulating value. 

5. Preheating Test Panels. — The prepared test panels shall be placed 
in position on either side of the preheating furnace. When only one lot 
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of brick is to be tested, a dummy panel should be used. Thfe joint 
between the ends of the panel dummy brick and the preheating furnace 
shall be sealed with plastic kaolin. During the heating of the panels, 
the surface of the test brick opposite that being heated shall be insulated 
in the specified manner so as to maintain a suitable temperature gradient 
in the test brick. The furnace is to be operated so that the temperature 
specified for preheating shall be reached in not less than 5 hr. nor more 
than 8 hr. and maintained 24 hr. The permissible variation in tem- 



Fia. 266 d . — A typical panel after the spalling test. ( Courtesy of the American 
Refractories Institute .} 

perature may be fz 20 C F or ± 10°C., but the average of the temperature 
during the run shall be that specified. After completing the preheating, 
the test panel shall be left in position for not less than 8 hr. before being 
removed. As a result of this heat-treatment, any tendency toward 
fusion, vitrification, swelling, or shrinkage will be evident and any 
development of structural spalling will be apparent. A record shall be 
made of the condition of the brick, indicating the extent of the fusion, 
vitrification, swelling, or shrinkage. If shrinkage takes place, a record 
shall be made of its nature, i.e., whether this occurs as a shrinkage of each 
brick as a unit or as the development of cracks on the surface of each 
brick. The surface of the test panels may be photographed. 

6. Spalling. — The panels shall then be subjected to thermal spalling 
by heating them in a specified time to a specified temperature and 
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rapidly cooling by means of a prescribed blast. The panels shall be 
placed in position in front of the spalling furnace in the manner shown 
in Fig. 266c. The temperature of the spalling furnace shall be raised 
within 3 hr. to the specified temperature. During the heating period, 
the panels shall be alternately placed in position in front of the furnace 
so that each may be heated to about the same temperature. The posi- 
tion of the panels shall be changed at temperatures of 400, 200 and 
100°C. below the final furnace temperature. During this period, the 
panels shall not be cooled by means of the cooling blast. After the final 
temperature of spalling is obtained, the panels shall be held in position 
for a specified time and then shifted so as to expose the heated panel for 
cooling. After each panel has been subjected to the required number of 
cycles, the furnace shall be allowed to cool, but the cooling procedure 
for the panels shall be conducted so that each panel receives two addi- 
tional periods. 

7. Dismantling the Panels. — When the panels have cooled sufficiently 
so that the brick can be handled, the test panel shall be carefully dis- 
mantled. The test brick shall be re weighed to the closest 0.05 lb., and 
the loss in weight recorded as percentage of the original weight. 

8. Report. — The report may include a photograph of the panel after 
preheating and shall include comments as to its condition. The average 
spalling loss for the whole panel shall be given, as well as a photograph 
of the spalled brick arranged in the manner shown in Fig. 26 6d. 

STANDARD METHOD OF PANEL TEST FOR RESISTANCE TO 

THERMAL AND STRUCTURAL SPALLING OF HIGH HEAT 
DUTY FIRECLAY BRICK 

A.S.T.M. Designation: C 107—42 1 

Adopted, 1936; Revised, 1940, 1942 

This Standard of the American Society for Testing Materials is issued 
under the fixed designation C 107; the final number indicates the year of 
original adoption as standard or, in the case of revision, the year of last 
revision. 

1. Scope. — This method of test covers the procedure for determining 
■the resistance of fireclay brick used for stationary boilers, malleable- 
iron furnace bungs, and incinerator furnaces to the separate and com- 
bined effects of structural and thermal spalling. This method makes 
use of the general requirements and procedure prescribed in the Method 
of Panel Test for Resistance to Thermal and Structural Spalling of 
Refractory Brick (A.S.T.M.) Designation: C 3S) of the American 
Society for Testing Materials and supplements that method by giving 

1 A.S.T.M. Standards are subject to revision. The Society's head- 
quarters, in Philadelphia, may be consulted for the latest information. 
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the detailed requirements of the procedure to be- followed in testing 
refractories for use in stationary boilers, malleable-iron furnace bungs, 
and incinerator furnaces. 

2. Apparatus and Test Specimens. — The apparatus and test speci- 
mens shall be in general as described in the Method of Panel Test 
for Resistance to Thermal and Structural Spalling of Refractory Brick 
(A.S.T.M. Designation: C 3S) of the American Society for Testing 
Materials. 

3. Procedure. — The procedure shall be in general as outlined in the 
Method C 38, supplemented by the procedure for preheating and spall- 
ing as prescribed in the following Sections 4 and 5. 

4. Preheating Test Panels. 

a. The test brick shall be laid up with kaolin having a pyrometrie 
cone equivalent not below cone Xo. 34. 

b . The test panels and dummy brick shall be insulated with group 
20 insulating fire brick weighing 46 ± 2 lb. per cu. ft. 

r. The temperature of the panel faces shall be maintained so as to 
average 2910°F. (1600 C C.) by means of a gas-fired furnace for a period 
of 24 hr. 

d. The furnace gas pressure during the 24-hr. preheating period 
shall be within the limits of 0.4 to 0.5 in. of water for gas-fired furnaces. 

5. Spalling. — a. The panel insulation shall be removed. 

b. The gas-fired furnace shall be operated so as to obtain a tempera- 
ture of 2550°F. (1400 3 C.) before the panels are cooled by means of the 
blast. 

c. The period for heating .shall be 10 min. and for cooling 10 min., 
making a 20-mi n. cycle. 

d. The cooling shall be accomplished by means of an air-water mist 
blast, which shall be delivered through a vertical manifold with an open- 
ing measuring 332 by 24 in. as shown in the Method C 38. Air shall 
be delivered through each cooling unit at the rate of 1,400 cu. ft. per 
min. The water used in the four spray units shall be filtered and 
measured by means of a meter. The spray nozzles shall be regulated 
so as to deliver water at the rate of 2 1 * gal. during the first 8 min. of the 
cycle. Xo water shall be used during the last 2 min. The cooling units 
shall be operated with a reciprocating motion so as to pass back and 
forth across the surface of the entire panel, including the dummy guard 
brick, 1.25 tiroes in 10 min. 

e. The spalling treatment shall consist of 12 cycles, after which the 
furnace shall be shut off and the panels given 2 additional cooling cycles 
without the water mist. 

/. After carefully dismantling the panel, the kaolin shall be scraped 
off with a trowel, removing such pieces of the brick that separate easi'v. 
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No attempt shall be made to separate pieces that might be removed by 
prying or tapping. 


STANDARD METHOD OF PANEL TEST FOR RESISTANCE TO 
THERMAL AND STRUCTURAL SPALLING OF SUPER DUTY 
FIRECLAY BRICK 

A.S.T.M. Designation : C 122-42 

Adopted, 1937; Revised, 1940, 1942 

This Standard of the American Society for Testing Materials is issued 
under the fixed designation C 122; the final number indicates the year 
of original adoption as standard or, in the case of revision, the year of 
last revision. 

1. Scope. — This method of test covers the procedure for determining 
the resistance of super duty fireclay brick to the separate and combined 
effects of structural and thermal spalling. This method makes use of the 
general requirements and procedure prescribed in the Method of Panel 
Test for Resistance to Thermal and Structural Spalling of Refractory 
Brick (A.S.T.M. Designation: C 38) of the American Society for Test- 
ing Materials, and supplements that method by giving the detailed 
requirements of the procedure to be followed in testing super duty 
fireclay brick. 

2. Apparatus and Test Specimens. — The apparatus and test specimens 
shall be in general as described in the Method of Panel Test for Resist- 
ance to Thermal and Structural Spalling of Refractory Brick (A.S.T.M. 
Designation: C 38) of the American Society for Testing Materials. 

3. Procedure. — The procedure shall be in general as outlined in 
Method C 38, supplemented by the procedure for preheating and 
spalling as prescribed in the following Sections 4 and 5. 

4. Preheating Test Panels. 

a. The test brick shall be laid up with kaolin having a pyrometric 
cone equivalent not below cone No. 34. 

b. The test panels and dummy brick shall be insulated with group 26 
insulating fire brick weighing 46 ± 2 lb. per cu. ft. 

c. The temperature of the panel faces shall be maintained so as to 
average 3000°F. (1650°C.) by means of a gas-fired furnace for a period 
of 24 hr. 

d. The furnace gas pressure during the 24-hr. preheating period shall 
be within the limits of 0.4 to 0.5 in. of water for gas-fired furnaces. 

5. Spalling. 

a. The panel insulation shall be removed. 
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b. The gas-fired furnace shall be operated so as to obtain a tempera- 
ture of 2550°F. (1400° C.) before the panels are cooled by means of the 
blast. 

, c. The period for heating shall be 10 min. and for cooling 10 min., 
making a 20-inin. cycle. 

d. The cooling shall be accomplished by means of an air-water mist 
blast, which shall be delivered through a vertical manifold with an open- 
ing measuring 3 1 i by 24 in. as shown in the Method C 38. Air shall 
be delivered through each cooling unit at the rate of 1,400 cu. ft. per 
min. The water used in the four spray units shall be filtered and 
measured by means of a meter. The spray nozzles shall be regulated so 
as to deliver water at the rate of 2 to gal. during the first 8 min. of the 
cycle. Xo water shall he used during the last 2 min. The cooling units 
shall he operated with a reciprocating motion so as to pass back and 
forth across the surface of the entire panel, including the dummy guard 
brick, 125 times in 10 min. 

e. The spalling treatment shall consist of 12 cycles, after which the 
furnace shall be shut off ami the panels given 2 additional cooling cycles 
without the water mist. 

/. After carefully dismantling the panel, the kaolin shall be scraped 
off with a trowel, removing such pieces of the brick that separate easily. 
Xo attempt shall be made to separate pieces that might be removed by 
prying or tapping. 

In using the A.S.T.AI. panel test for spalling, the following 
losses are generally used as limits. 


. Average Weight 
Conditions Loss, Per Cent 

Average spalling .. 15 

'Moderately severe . . 10 

Severe malleable furnace bungs i . . . . . 5—7.5 

Extremely severe super duty class) . . . 4 


The A.S.T.M. panel spalling test equipment has been installed 
in a number of laboratories and, in spite of the considerable cost 
of operation and large floor space required, has been well worth 
while when reliable spalling results are required. This test is 
valuable to the producer of refractories for a control test of his 
product and for the development of improved refractories. It 
also is of aid to the consumer in assuring that the standard of 
quality of the refractories purchased is adhered to. Those who 
do not have enough testing to justify the cost of this equipment 
may have their product tested at a commercial testing laboratory. 
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The U.S. Navy simulative service. furnace, as described in 
Chap. XVI, can be used for a spalling test with results agreeing 
well with those obtained in service. 

7. Spalling Characteristics of Various Ericks. — In Table 66 
are given the spalling resistance of a number of firecla}^ brick as 
measured by the A.S.T.M. panel spalling test. 

Silica brick are not at all resistant to spalling in the low- 
temperature range ; but once they are above the inversion temper- 
ature, they are very resistant to wide changes in temperature 
because of the flatness of the expansion curve in this region. 
This is the reason that they give such good service in regenerative 
furnaces. 

Chrome and magnesite brick, because of their rather high 
coefficient of thermal expansion, are not so resistant to spalling 
as fireclay brick, but great improvements have been made in 
the last few years in providing a more flexible structure 1 26J and 
thus increased resistance. 

Silicon carbide brick have an excellent resistance to spalling. 

Table 66. — Spalling Resistance of Fireclay Brick by the A.S.T.M. 

Panel Spalling Test* 

(Courtesy of the American Refractories Institute) 


Method of 
manufacture 


Hand-made . 


Stiff-mud . 


Dry-press . 


Loss in panel 
spalling test, 
per cent 

Porosity, 
per cent 

12. S 

17.8 

S.O 

25.0 

6.3 

24.0 

21.0 

22.4 

25.0 

15.7 

28.0 

13.7 

20.5 

20. 1 

2.5 

24.4 

0.5 

30.0 

14.8 

20.9 

5 . 5 

16.7 

13.0 

17.5 

2.0 

! 23.0 

1.0 

14.0 


* These panels were preheated to 1600°C. according to specifications C-107. 

x, 8. Effect of the Brick Structure on Spalling. — The structure of 
the brick and the method of manufacture have a considerable 
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influence on spalling. Data given below illustrate the effect of 
various factors. These data are for one particular clay and will 
not be exactly the same for others, but the trend should be general. 

Effect of Grog Size . — A number of bricks were made up with 
various sizes of grog, other conditions being the same. The spall- 
ing resistance for each grog size is given in Table 67 below. The 
spalling resistance increases steadily with the grog size for a 
given burning temperature. These results were obtained on sin- 
gle bricks, and somewhat different values might be obtained by 
panel spalling methods. 

Table 67. — Effect of Grog Size ox Spalling Resistance 


Burned at 1G49°C. (3000°F. > 1677*0. (3051°F.) j 1704°C. (3099°F.) 

2 mesli 20 cycles 12 cycles 5 cycles 

3*.i mesh 11 cycles 6 cycles j 3 cycles 

4 mesh 6 cycles 3 cycles | 1 cycle 

20 mesh 1 cycle 1 cycle ' 1 cycle 


Effect of Amount of Grog . — In Fig. 267 is plotted a curve of 
spalling resistance against percentage of grog. It is interesting 
to note that the maximum spalling resistance occurs at 40 per cent 



of bond, or at the condition where the pores are just filled up. 
Above or below this point, the spalling resistance falls off rapidly, 
probably owing to loss of flexibility. 

Effect of Burning Temperature . — Figure 268 shows a curve of 
spalling resistance plotted against burning temperature. There 
is a minimum value at 1620°C. (2950°F.) and a maximum at 
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1650 °C. (3000°F.). This type of curve has been observed a num- 
ber of times for this particular brick, but it may not apply to all 
others. The minimum point is probably due to the decreasing 
flexibility of the structure with increased temperature. Beyond 
1600°C. (2950°F.), the free silica is dissolved and the coefficient 



Fig. 268. — Influence of burning temperature on spalling resistance. 


of thermal expansion is lowered, which increases the spalling 
resistance up to 1635°C. (3000°F.). After this, the structure gets 
more rigid and the spalling resistance falls off. In general, it 
may be said that increasing the burning temperature decreases 
the resistance to spalling. A This is shown in Table 68, where the 


Table 68. — Effect of Preheating on Spalling Resistance 


Brick 

As burned, cycles 

Preheated to 1670°C. 
(3038°F.) cycles 

Missouri 

1 

45 

4 

Missouri (diaspore) 

j 29 

13 



12 

1 



18 

4 

Pennsylvania 

< 

15 

1 



22 

2 



11 

1 



4 

1 

Kaolin 

12 

12 
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spalling resistance is given for a number of bricks before and after 
preheating. Again it is probable that the hard-burned bricks 
would have shown up comparatively better if the spalling had 
been made with the panel test. 

Characteristics of a Good Spall-resisting Brick . — We usually have 
a specified material from which to make a brick. With this mate- 
rial, it is impossible to alter the diffusivity appreciably, and only 
small changes can be made in the coefficient of thermal expansion. 
Therefore, if we desire to make the best spall-resistant brick from 



Fig. 209. — A type 
of spalling fracture 
often occurring in 
service. ( J . Am. 
Ceram. Soc.) 



Fig. 270. — Ten- 
sion prack in end of 
a brick due to spall- 
i n g . ( J . Am. 

Ceram. Soc.) 


a given material, we must do two things: (1) make a structure 
having the greatest possible flexibility and (2) eliminate all 
possible flaws and laminations. 

Flexibility can best be obtained by using a large size of grog, a- 
high degree of porosity, and a low degree of vitrification. These 
characteristics cannot be obtained to a high degree without 
sacrificing others of considerable importance. For example, 
bricks could easily be made to withstand 50 cycles in the air- 
spalling test; vet they would be mechanically w T eak and would 
probably have a high residual shrinkage. It has often been 
noticed that when a series of bricks are tested for spalling, there 
will be a great variation between the best and the worst out of 
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the same lot. Where it is known that these bricks were made by 
identically the same process and that they all were burned at the 
same temperature, we can conclude only that the difference in 
spalling resistance is due to some lack of homogeneity in the 
structure of the brick. It is impossible to state definitely that 
any one method of making bricks gives the best or the worst 
spalling results, although it is generally found that repressed 



Fig. 271- Fig. 272. 

Figs. 271 and 272. — Boiler furnace wall showing spalling under oil-fired condi- 
tions. ( Stone and Webster Company .) 


bricks, when properly tempered, give greater uniformity in the 
spalling test. We are greatly in need of some simple test to 
determine which bricks in a given lot will give a poor resistance to 
spalling. Some investigations have been made to test each brick 
by noting the sound emitted when struck with a hammer; but 
as yet, no very definite results have been obtained along this line. 

9. Spalling Fractures in Service. — The types of spalling frac- 
ture in service walls are quite varied. Perhaps the most typical 
is that shown in Fig. 269, which consists of two shear cracks com- 

£ 
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mg together at the center of the brick. There is often a small 
tension crack in the end of the brick, as shown in Fig. 270. The 
fracture corresponds well with the determined stresses for this 
condition. This type of failure is not often serious, because the 

fragments are so large that they stay in place. 

In other cases, the wall is pretty well shatter- 
ed, as shown in Figs. 271 and 272. 

Another type of spalling failure is the 
separation of a thin layer of material from the 
face of the brick, as shown in Fig. 273. This 
usually occurs with bricks of low vitrifying 
points or with slagged surfaces, and the 
fracture runs between the vitrified material 
and the body of the brick. Often layer after 
layer will peel off, giving a considerable length 
of service before the wall becomes too thin. 

' Exposed comers in a furnace are quite sub- 
h eat ed end ject to spalling and should be avoided in 

radon TAtWa desi K u "here possible. This type of failure 
layer due to vitrifi- by shear is shown in Fig. 274. 

< Sol') Am Spalling in a wall is greatly augmented by 
compression loads due to expansion. Expan- 
sion joints should be left at least every 15 ft. and should amount 
to 1 2 to 1 in. Another method is to place a slip of thin 
cardboard between bricks in each vertical joint (or thicker pieces 
in alternate joints). These will bum out and allow each brick 
to expand freely, and yet there will be no _____ 

general movement of the wall. Thin pieces 
of steel, which are pulled out as the wall 
progresses, have sometimes been used instead 
of the cardboard. 

In the case of arches, there is often a Fig 274 Spall _ 

pinching off of the tips due to temperature i^g of exposed eor- 

strains. Care, however, should be taken to ners of a furnace - 

see that there is clearance between the inner ends when tempera- 
ture or load conditions are severe. 


Fig. 274. — Spall- 
ing of exposed cor- 
ners of a furnace. 


Failure due to heating wet brickwork rapidly is sometimes con- 
sidered spalling. The remedy is obvious. Mechanical breakage 
when slicing off slag deposits is also classed as spalling by some 
people. The brick manufacturer can do little to help this failure 
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except to supply the hardest bricks that will stand the tempera- 
ture changes. 

There has perhaps been too great a tendency for manufacturers 
and users of refractories to specif y brick with a good spall- 
resisting quality, as judged by the laboratory test. Many cases 
have come up where a hard, dense brick has stood up in service 
far better than one with a good spall-test record. This is prob- 
ably due not to any fault in the test but to conditions of mechan- 
ical loads in service not encountered in the laboratory. . 
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CHAPTER XY 


THE REACTION BETWEEN 
REFRACTORIES AND SLAGS OR GLASSES 

1. Chemical Effect of Slag Action. — In general, ,slag action can 
be divided into chemical effects and physical effects, the first of 
which will now be considered. 

Equilibrium Condition s . — It is very important to make a dis- 
tinction between equilibrium conditions and the rate of reaction. 
For examples if an intimate mixture of magnesia and silica is main- 
tained at a definite temperature, it will, after a certain length of 
time, be converted into magnesium silicate with a relatively low 
melting point. When the conversion is as complete as the pro- 
portion of the substances permits, equilibrium is attained and no 
further change will occur at that temperature. If the tempera- 
ture is low, this reaction will progress with extreme slowness ; but 
on the other hand, if the temperature is high, the reaction will 
take place rapidly; however, in each case, a state of equilibrium 
will be reached. It will first be advisable to investigate the equi- 
librium conditions for the combinations of various slags and 
refractories; for if the equilibrium conditions produce no material 
melting at a temperature lower than that at which the refractory 
is maintained, there can be no serious slag reaction. In such a 
case, the rate of reaction would not concern us. Usually, how- 
ever. the slag or the material produced by the reaction of the slag 
with the refractory melts at a lower temperature than that main- 
tained in the furnace. 

~ Owing to the great complexity of the materials entering into 
slag and glass reactions, we do not have very complete informa- 
tion on the equilibrium diagrams concerned in these reactions. 
More data of this type are greatly needed. However, it can be 
stated in general that ithe slag reaction depends upon the forma- 
tion of a low-melting compound or mixture. ) . 

Composition of Slags and Glasses . — Table 69 shows typical 
analyses of commercial slags and glasses. In general, each one 
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has so many elements present s that it is difficult to tie them in 
with any simple system; and when the elements in the refractory 
are added, the complexity is still further increased. 

Equilibrium Diagrams . — It will be seen from Table 69 that the 
systems particularly applicable to slag-refractory reactions are 

SiO 2 — AloO 3 — CaO (Fig. 232, Chap. XII) 

SiO o — F esO 3 — CaO (Fig. 275) 

SiO o — CaO — Xa s O (Fig. 276) 


It should not be forgotten that small amounts of some other 
materials such as PbO or F may greatly influence the slag 
action. 



A CaO 3Ca0*SiO 2 2Ca0*Fe 2 O 5 
B 2CaO* Si0 2 2CaO-Fe 2 O s 3CaO-SL0 2 
C 2Ca0- S10 2 2CaO'Fe 2 0 3 CaO-Fe 2 0 3 


CaO 


2 CaO- F e 2 0 5 " Ca0-Fe 2 u 5 

Fig. 275. — Composition triangles in system CaO-SiOs-FeaOg. (TF. C. Hansen 
and R. H . Bogue, J . Am. Client. Soc.) 


Rate of Reactions . — The second factor in slag reactions is the 
rate at which reactions occur. Suppose that a refractory is 
washed by a slag capable of combining with the refractory to 
form a low-melting compound. If the reaction occurs rapidly, 
these low-melting compounds will be formed in considerable 
quantities and will run off the face of the wall, thereby exposing 
fresh surfaces for the attack of the slag; therefore the slag resist- 
ance of the refractory will be poor. On the other hand, let us 
suppose that the same low-melting-point compounds are formed 
but that the rate of reaction is slow. Then the compounds will 
be formed in small quantities, and the resistance of the refractory 
to the slag may be good, f This is the reason why the prevalent 
idea that basic refractories must be used with basic slags and acid 
refractories with acid slags is not necessarily true. Although the 
acidic and basic qualities determine the formation products, they 
do not necessarily determine the rates of reaction. For example, 
magnesite will stand up well under the action of certain highly 



Per cent CaO 
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siliceous slags, and silica bricks are known to give good service in 
lime kilns under highly basic conditions. - f 



JSz,C>2 

Fig. 276. — Part of the ternary system NasO-CaO-SiOa. ( Hall and Insley.) 


^ The rate of reaction is greatly influenced by the temperature. 
In many instances, an increase of 10°C. (18°F.) will double the 
rate of reaction. This is the principal reason why certain refrac- 



498 


REFRACTORIES 


tories will resist slag very well at the usual working temperatures 
but will be rapidly eaten away if the furnace temperature is 
increased by 50°C. (90°F.). Unfortunately, practically no in- 
formation is available, owing mainly to the experimental diffi- 
culties, on the rate of reaction ol the materials in which we are 
interested at high temperatures. However, the reaction rate 
may be approximately expressed by the 1 olio wing equation of 
Arrhenius : 



where K t = the reaction velocity at temperature T lf deg. abs. 

K t = the reaction velocity at temperature T 2 , deg. abs. 

A — a constant of the reaction 

The value of A varies but is in the neighborhood of 10,000 for 
clays and fluxes. 

2. Physical Effects of Slag Action. Velocity of Flow . — As the 
rate of reaction is dependent upon the concentration of the slag- 
ging material on the surface of the refractory, it is evident that 
the more rapid the movement of the liquid slag over the refractory 
surface the more rapidly the fresh slag will be presented to the 
surface. It is well known that a liquid may flow in two ways. 
The first is a streamline flow, where the direction of the flow is 
parallel to the surface over which it is flowing; and the second, a 
turbulent flow, where the particles of the liquid are undergoing 
motion in various directions. The transition from streamline 
flow to turbulent flow depends upon the size, velocity, and 
viscosity of the melt. It is evident that turbulent flow is much 
more effective in bringing fresh slag to the surface than is stream- 
line flow; so it is desirable to keep the velocity of flow low and the 
viscosity high,. *As the viscosity is dependent upon the tempera- 
ture, we have another reason why high temperatures promote 
more rapid slag reaction. It may be said that in general, all 
slag flows are of the streamline type where the slag is flowing in 
thin layers over the refractory but, in the cases where the slag 
is in large quantities, as in glass tanks, the flow may be of the 
turbulent type for the more fluid glasses.’ > 

Diffusion in the Melt . — Another physical effect that has an 
influence on the rate of slag attack is diffusion through the molten 
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alag. Very little is known about the rate of diffusion of sub- 
stances at high temperatures, but it is possible that this effect is 
quite important in bringing the reacting substances together. 
Bowen has shown that the rate of diffusion of silicates of the type 
of diopside in each other at 1500°C. (2732°F.) is comparatively 
rapid.* The rate of diffusion is proportional to the viscosity and 
therefore depends largely upon the temperature of the melt. ^ 

Gas Diffusion through Melt . — Sosman has suggested that 
another type of diffusion may have considerable influence on 
slag action. This is the phenomenon of the diffusion of gases 
through the melt. It has been shown that hydrogen and helium 
will pass through vitreous quartz glass at high temperatures so 
rapidly as to assume the character of an .actual flow of gas. 

Slag Penetration . — In the previous discussion, we have con- 
sidered the reaction occurring between the surface of the refrac- 
tory and the molten slag. If the refractory is a dense material, 
this surface will be smooth; but, on the other hand, if the refrac- 
tory is porous, the surface may be considerably increased owing 
to penetration of the slag into the pores. A number of refrac- 
tories are made from a hard grog and a softer bond, in which 
case the slag will react with the bond more rapidly than with the 
grog particles and will allow the latter to project from the surface. 
It often happens that these grog particles are carried away in the 
melt before they have become dissolved. This has been noticed 
in glass melts and, of course, is harmful to the glass. Other 
t} r pes of refractories, even though composed of homogeneous 
material, will allow the rapid penetration of the slag into the 
interior. 

Recent results on glass-tank blocks have shown, that a high 
porosity may not cause susceptibility to slag action, provided the 
pores are all below' a size that will allow the slag to be drawn in 
by capillary forces. On the other hand, flaws, laminations, or 
cracks are very harmful and allow' rapid slag penetration.. ' 

. Wetting of the Surface by Slag . — There is another side to slag 
reactions w'hich has not, it is believed, been generally discussed, 
he., the wetting of the refractory surface by the molten slag. 
It has been noticed that w'hen certain slags are applied to some 
refractories, they will melt on the surface and form in drops wTxh- 
out wetting the surface. A refractory, under such conditions, is 
practically unaffected by the slag. This condition is just the 
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opposite of many otner cases, where the slag is drawn by capillary 
attraction deep into the pores. It seems quite reasonable to 
believe that the wetting by the molten slag in contact with the 
refractory may have a very important influence on the slag resist- 
ance of that refractory, and data on the surface tension under 
these conditions would be of considerable value. 

3. Laboratory Slag Tests. — Of all laboratory tests for refrac- 
tories, the least satisfactory is the slag test, for it is difficult in a 
reasonably short time to evaluate the resistance of a refractory. 

slag fzeotng To accelerate the action hv 

/ Tuaz » 

higher temperatures or by a 
greater flow of slag may ma- 
terially alter the conditions of 
reaction. * 

Early Methods of Test. ^4 $ ome 
of the proposed methods of slag 
testing consisted in measuring 
the penetration of slag into the 
refractory, the fusion point of 
powdered slag and refractory 
when mixed together, and the 
petrographic study of mixtures 
of slag and refractory after 
definite heat-treatments. 
These methods measure some 
factors of slag reaction but not by any means all of them. 

Refractory in Slag Baths . — A number of experimenters have 
measured the resistance of a refractory to slags by suspending 
them in a bath of molten slag, with motion to bring new slag 
to the surface. ^ The test of Endell, Fehling, and Kley ci0) used 
this method with considerable success. 

s Running Slag Test . — Another method suggested by Prof. G. B. 
\\ likes” consists of heating a single brick or a column of bricks to 
a uniform temperature and regularly dropping powdered slag on 
- top, allowing it to run down the face in a groove, ’ as shown in 
Fig. 2t i . The depth to which this groove has been cut at the end 
of the test gives a very good indication of the slag resistance of 
the brick, because the test is carried on under conditions closely 
approximating those of service. Although this test gives excel- 
lent relative values, it is not a quantitative test and does not 
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maintain a proper temperature gradient from the slag surface to 
the other face: >Hartmann (18) used a similar method with a small 
specimen in an electrip furnace. 

- Spray Slag Tests . — Perhaps one of the most satisfactory tests 
consists in spraying powdered slag against the heated refractory.^ 
A number of experimenters have used this method, but the most 



practical furnace is that used by Hursh5 22 ’ 31) as shown in Fig. 278. 
Here" the powdered slag is fed through a revolving burner imping- 
ing on the test bricks set on the inside of the cylindrical furnace. 
Thus, all the bricks get the same treatment and the temperature 
gradient through the bricks is similar to that found in service. 
If the test is run for several days, truly quantitative values can 
be obtained. 
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Tanks for Testing Glass Refractories . — The only really satisfac- 
tory way to test glass-tank blocks is to use them in a small tank 
that is fed and drawn at regular intervals. A satisfactory tank 
for this purpose, shown in Fig. 279, is about the minimum size 
that can bet used successfully. A two-weeks’ run will give a lair 
indication of the resistance to the glass, but a longer run is some- 
times desirable. 

4. The Slag Resistance of Refractories. — There are so few 

really quantitative data on the resistance of refractories to slags 
that it would seem impossible at the present time to give a table 



Babcock and Wilcox Company.) 

of values that would mean very much. However, from our 
experience in the use of refractories, certain conclusions can be 
drawn which will be discussed in Part IV. 

5. The Products Formed in Slag Reactions. Fireclay Refrac- 
tories and Coal-ash Slag. — The microscopic examination of the 
boundary layer between the slag and refractory indicates several 
definite zones that are generally present in all slagging of this 
nature. A study of these conditions has been made by McDowell 
and Lee, ucm McVay and Hursh, (102) and others. " On the furnace 
side, there is a layer of slag that, at high temperatures, may be 
very thin, perhaps 1 mm., but, at lower temperatures, may build 
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up to a coating of several centimeters. This layer of slag usually 
contains anorthite, Ca0'Al 2 0 3 -2Si02, associated with iron oxide 
which may be in any of several forms, depending upon the 
atmosphere of the furnace. Mullite crystals are also present, 
but they usually contain iron oxide in solid solution. 



Fig. 2S0.-— Thin section of Illinois coal-ash slag which was slowly cooled. The 
large crystal shown is feldspar; 250 diameters, with crossed Nicol prisms and a 
gypsum plate. 

The next zone, which is the transition zone between the slag 
and refractory, contains mainly large and well-developed mullite 
crystals. As in nearly every case of slagging between firebrick 
and slag or glass, the development of mullite crystals is acceler- 
ated in this intermediate zone. *• 

- 1 ' The next zone is in the body of the refractory itself and gener- 
ally shows some penetration of the slag into the pores of the 
brick and, in many cases, the initial solution of particles of the 
refractory. . 


504 


REFRACTORIES 


* In the case of a firebrick crown that is swept by powdered 
slag, stalactites form and drip off the roof. Here the composi- 
tion may be somewhat different from the slag on the side walls 
because more time is available for equilibrium to be established 
before the slag runs off. An examination of the stalactites shows 
magnetite and anorthite crystals well developed; and in a few 
instances, mullite crystals have been observed. 



Fig. 281. — A thin section of a sample of opal glass which was near the refrac- 
tory, showing dendritic crystals of cristobalite ; 1,260 diameters, with ordinary 
transmitted light. 

High-alumina Refractories and Coal-ash Slag . — Refractories con- 
taining a high percentage of mullite, which have been made from 
kyanite and diaspore, show somewhat different characteristics 
under the action of slag. The first characteristic that will be 
noticed is that the slag penetrates deeply into the refractory and 
leaves little on the surface. On the surface of the refractory, 
which is only lightly covered with slag, mullite crystals pre- 
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dominate; but as we penetrate farther into the body of the 
refractory, corundum crystals increase in number until they may 
be equal in volume to the mullite. The zone of corundum 
crystals seems to give a weaker structure than the zone of inter- 



Fig. 282. — Thin section of opal glass taken at a point very close to the refrac- 
tory. A large number of dendritic eristobalite crystals and a few corundum 
crystals are seen. A few unidentified crystals of high index are present in this 
slide; SO diameters, with ordinary transmitted light. 

locking mullite crystals and may present a zone of weakness that 
will cause spalling. The formation of the corundum crystals 
indicates a more rapid solution of the silica than of the other 
constituents, leaving excess alumina behind. v'' 

* Siliceous Fireclay Refractories and Soda-lime Glass *. — The con- 
stituents formed between refractories and glass have been exam- 
ined by Insley, C76) Wilson, (74) and Kai-Ching-Lu. CS9) < The hottest 
zone between the glass and the refractory is generally milky 
white or brownish and contains eristobalite crystals in glass. 
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Corundum plates and nephelite ci* 3 T stals are sometimes observed 
here. The next zone as we approach the refractory is a white 
layer containing mainly mullite crystals. The refractory itself 
shows penetration of the glass into the pores, but this is not 



Fig. 253. — Thin section of a glass stone, composed of nephelite which was 
formed by materials dropping from the crown into the melt. The material 
at the lower left-hand corner, containing inclusions, is the nephelite. The long 
slender needles appearing at the edge of the stone are of feldspar; 265 diameters, 
with crossed Nieoi prisms and gypsum plate. 


evident at any distance from the surface. Thin sections shown 
in Figs. 282 to 284 give a clear picture of the crystal formation in 
glass. 

Aluminous Fireclay and Soda-lime Glass. — In this case, the 
hottest zone is a brown layer containing soda-lime feldspars 
imbedded in glass. The next layer is white and consists of 
mullite crystals imbedded in alumina glass with corundum 
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crystals. The latter are formed from the alumina-saturated 
glass in this zone. 

Silica Brick and Iron . — A careful examination of silica roof 
brick by Scott (112) shows the following characteristics : The hot 



Fig. 2S4. — Thin, section of a stone in a glass melt. This stone was caused by a 
particle of the refractory being eroded from the side of the glass tank; 500 
diameters, with crossed KTicol prism and gypsum plate. 

cad of the brick is a gray zone of cristobalite crystals and mag- 
netite with, perhaps, a few tridymite crystals at the cooler end; 
the next cooler zone is black and consists of tridymite, magnetite, 
and a small percentage of cristobalite ; the cooler end of the brick 
consists of cristobalite, tridymite, and quartz, the last increas- 
ing toward the outer end of the brick. 

* In the hearth, fayalite, Fe 2 Si0 4 ., and tridymite were found in a 
brown glass. In the hotter portions, some cristobalite was 
found and about 20 per cent ferrous oxide was generally present. 
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Iron silicates do not generally form in lai’ge quantities but were 
present only where the conditions are reducing. 

Magnesite and Iron. — In general, magnesite in contact with 
iron or its oxides gives periclase ciwstals with iron in solid solu- 
tion, together with some crystals of magnesioferrite. When 
lime is present, calcium oxide crystals are formed, sometimes of 
large size. Crystals of tricaleium silicate have been observed. 

Fireclay Refractories and Iron. — The main constituents formed 
bv this reaction are iron silicates and mullite with iron in solid 
solution. 

Alkali Vapors and Refractories. — Alkali vapors or dust are 
encountered in many industrial furnaces such as glass tanks, 
boiler furnaces, and blast furnaces.. Much work has been done 
in the last few’ years on this subject as showm by the refer- 
ences.* 51 ' -7 ^ Siliceous-type bricks are not so resistant to alkali 
vapors as fireclay or aluminous types of brick, owing to the 
formation of a liquid slag in the first case.'" According to Hart- 
mann,' 67 magnesite brick are very resistant. Hard firing and 
low porosity increases the slag resistance of any brick. 

Other Slags. — The reaction between refractories and other 
slags has not been studied to any great extent. Audley cil7) 
examined the zinc-fireclay reaction and found the occurrence of a 
zinc spinel. Turner and McSwiney (119) have discussed the 
action of arsenic in glass on refractories, but no definite conclu- 
sions have been reached. 

We need information on the products formed by copper, 
lead, and tin when in contact with various refractories. Little is 
known of the slag reactions with chromite, zirconia, and zircon. 

6. Gases and Refractories. Carbon Monoxide. — It has been 
known for a number of years that CO gas at certain temperatures 
weakens the structure of a firebrick. This effect is particularly 
noticeable in blast-furnace linings and zine_£etorts.^ A number of 
investigators have studied the problem, such as Mitra and Silver- 
man,' 3v Hubbard and Rees/ 39) and many others listed in the 
references. . In general, it is believed that the starting point 
of the disintegration is the ferric oxide spots in the refractory. 
The ferric oxide is reduced to ferrous oxide, which acts as a 
catalyst to break up the CO to CO s and C, forming a deposit that 
causes the disintegration. This reaction takes place only between 
420 to 470°C. (788 to S78°F.).v It is believed by Mitra and 
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Silverman that the magnetic oxide of iron Fe 3 0 4 is not susceptible 
to this action. 

.■ A brick to resist CO must be either very low in iron or fired 
at a temperature high enough to allow- the iron to combine with 
the silica and alumina in the brick. , 



Fig. 2S5. Slag erosion of a boiler furnace wall. (Courtesy oj Commonwealth 

Edison Company.) 


Hydrocarbon Gases . — A number of investigators have studied 
the embrittling effect of hydrocarbon gases on fireclay brick in the 
cracking range of temperature. (4S * 50 ’ 55 ’ 56) The action seems to 
be similar to that of CO, i.e., a deposition of carbon./ 

'Steam . — In some cases as in water-gas generators, steam has 
shown a weakening influence on refractories. ■" ' 

A Oxygen . — Silicon carbide refractories have a tendency to oxidize 
slowly. Many efforts have been made to prevent this by glazing 
the surface ‘'tis described by Walton (44) txr by removing catalytic 
agents- as described by Hartmann. (42) 

7. Slag Erosion in Service. — The deterioration of refractories 
by slag is very serious in many types of installation. The action 
is particularly severe in boiler furnaces where low-grade coal is 
burned, as the slag formed is a very active flux. In many 
cases, the only solution to the problem is to use air or w-ater 
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cooling. Although it might be possible to find a more resistant 
refractory than fireclay brick, such as magnesite or spinel, the 



Fig. 2SG. — Detail of typical slag erosion. ( Courtesy of Commonwealth Edison 

Company.) 



Fig. 2S7. — Detail of slag erosion. Note the grooving effect. ( Courtesy of 
Commonwealth Edison Company.) 


rapid heating and cooling of the boiler furnace make the use of 
these easily spalled materials impossible. Efforts should be 
made in the design to minimize the flow of slag over the hotter 
surfaces. 

In Figs. 285 to 289 are shown typical boiler-furnace walls that 
have been eroded by slag. The vertical grooves formed by the 



reaction between REFRACTORIES AND SLAGS 511 








512 


REFRACTORIES 


running slag are representative. Where the melting point of 
the ash is high or the temperature of the furnace is low, the ash 
will not flow but will form a protective coating on the wall. 
If this coating does not build up so thickly that it tears oh the face 
of the wall, it serves as a protection to the refractory.- 



Fig. 290.— Thin section of magnesite refractory which was used in a high- 
temperature furnace. The dark material in this section is magnesite which 
contains a considerable amount of iron rendering it fairly opaque. The light- 
colored crystals which can be seen are the result of the action of the slag on the 
magnesite; 60 diameters, with crossed Nicol prisms and gypsum plate. 


The slag erosion in forging and heating furnaces by the molten 
mill scale is serious in the bottoms. Magnesite and chrome bot- 
toms have been tried with considerable success under these condi- 
tions (Fig. 29D). 

In steel- and iron-melting operations, the high temperatures 
and activeness of the slag make the conditions for the refractory 
very severe. In the open hearth, the continued high tempera- 
ture allows the use of magnesite or silica bottoms. Where fire- 
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clay refractories are used, as in the cupola, frequent patchings 
are necessary. High-alumina^ refractories seem to show good 
service in cement kilns (Fig. 291). 

Glass tanks are maintained at an even temperature, and rather 
large blocks of fireclay refractory are generally used. However, 


Fig. 291. — Thin section of a refractory used in a rotary cement kiln. The 
charge has reacted to some extent with the refractory and partially eroded it, 
with the formation of lime feldspar. These are the light-colored crystals which 
appear between the grains; 250 diameters, with crossed Nicol prisms and gypsum 
plate. 

the blocks are eaten away fairly rapidly at the metal line. The 
action of some glasses is much more severe than others. Not 
only is it important to have a long life for the blocks, but it is 
necessary to have a material that will not form seeds or stones 
in the glass. * / The erosion of a typical glass tank is shown in 
Fig. 292 where the grooving of the blocks is evident. Recently, 
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good results have been obtained with blocks having a high- 
mullite content and low porosity. The physical characteristics 
of the block may perhaps be more important than the chemical 
composition. 



Fiti. 292. — Erosion of a typical glass tank. 
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CHAPTER XVI 


EXPANSION AND SHRINKAGE 

1. Methods of Measurement. — A number of different methods 
have been employed to determine the coefficient of thermal 
expansion of materials up to high temperatures. A few of the 
more satisfactory ones will be described. 


D 



Fig. 293.— Measurement of expansion with the Fizeau interferometer. 


Interferometer Method .— Where it is necessary to use a very 
small specimen, such as a section of glaze or enamel, the interfer- 
ence method, best illustrated by the Fizeau interferometer/ 8 ’ 45 ’ 61 ' 
is perhaps the most accurate. A cross section of this instrument 
is shown in Fig. 293. The specimen A can be in the form of a 
short cylinder or in three struts of equal length separating two 
fused quartz disks R, which have been polished with optically 
plane surfaces. Light from the vacuum tube C is passed through 
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the optical system D and down through the quartz-disk assembly. 
Light is reflected from the surfaces in contact with the specimen, 
and the resulting beam is passed back through the optical system 
to the eyepiece E. A series of alternating dark and light bands 
are produced by interference. The position of these bands is 
dependent upon the relative distance between the two quartz 
disks, and each band represents a 
distance of one-half wave length of 
the particular light used. Of course, 
the more nearly parallel the plates 
the broader will be the bands. 

When a test is made, the specimen 
is put in place and the instrument 
carefully lined up until the bands 
appear in the field. The heater F is 
turned on, and the temperature 
slowly raised to any desired value 
while the number of bands passing a 
vertical cross hair in the eyepiece are 
counted. F rom the number of bands 
and the wave length of the light, the 
coefficient of thermal expansion of 
the specimen can be readily com- 
puted. The upper temperature is 
limited by this method to about 
1000 °C. (about 1S30°F.). 

Counting the passage of the bands 
visually is a tedious process. Also 
there is the danger of missing one 
or more hands. Recently, several 
devices have been used to simplify the 

observation. In one case, an image of the bands and crossline is 
thrown on a moving strip of film, giving a set of lines as shown in 
Fig. 294. The number of lines and fractions crossing the reference 
line can readily be counted. Another method consists of using 
several band systems from sources having different wave lengths. 
By an initial and final reading on three sets of bands, the expansion 
can be computed without a continuous count. Since consider- 
able manipulative skill is required to obtain good results with this 
instrument, it is not adapted to general plant use. 
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F used-quartz-tube Method . — Another method, which will permit 
tests to he made at slightly higher temperatures, consists of form- 
ing the specimen into a small cylinder and placing it in a quartz 
tube surrounded by a heater. The expansion of the cylinder is 
transferred outside the furnace by a fused quartz rod, the move- 
ment of which is measured by a micrometer telescope or dial/ 30 ) 
Expansions can be measured in this way to temperatures as high 
as 1100°C. (about 2010 C F.).' 3 - Other experimenters have used 
f used-quartz distance pieces to convey the movement to a dial 
micrometer. Such a device was used by Geller and Heindl. fls) 



Fm, 295. — Furnace used to measure the coefficient of expansion of refractories. 

A similar method is used by Heindl f46) in a reducing atmosphere, 
where graphite can replace the fused quartz and thus allow the 
attainment of much higher temperatures. / Distance pieces of 
white ware body were used by Geller and Bunting. (63) 

Hlql-h rut are Measurements . — When it is desired to obtain 
the coefficient of thermal expansion of a specimen at higher tem- 
peratures, a somewhat different procedure must be followed. A 
method developed at the Babcock & Wilcox laboratory (11) has 
proved quite satisfactory up to a temperature of 1700°C. (about 
3095 = F.). A specimen 9 in. long and 1 in. square is evenly heated, 
and its length measured directly with micrometer telescopes. 

A drawing of the furnace is shown in Fig. 295. " The specimen 
is placed on a level bed of loose sand composed of some refractory 
material, such as fused alumina. Around the specimen is a 
silicon carbide muffle, which ensures an even heating of the 
specimen. The heat is supplied to the furnace by a gas burner, 
the flame passing over the muffle and down around it to the exit 
flue and then out through the two stacks. Sight tubes pass 
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through, the furnace at the ends of the specimens and are cemented 
tightly to the walls of the muffle. The telescopes are sighted 
through these tubes across the ends of the specimen. Because of 
the excellent black-body conditions in the muffle, it would be 
quite impossible to distinguish the end of the specimen from the 
wall, so the sight tube is continued through on the other side of 
the furnace, and a powerful electric light with a ground-glass 
screen is placed at the end of the tube in order to provide a back- 
ground brighter at all temperatures than the end of the specimen. 
The background must have an effective temperature higher than 
the highest reached by the specimen in order to give contrast . The 
light should be used for all readings'^ for there is an apparent 
shift in the image when a dark background is used. 

A specimen can be cut out of a standard brick with a carbo- 
rundum saw; or where a brick is not available, it can be molded 
and burned. 

To obtain an accurate reading on the end of the specimen, 
it is necessary to grind and polish it accurately. The telescopes 
contain vertical cross hairs which can be adjusted to correspond 
to the image of the specimen. The temperature of the speci- 
men for the lower range is measured with a thermocouple laid 
against the specimen. At high temperatures, this couple is 
pulled out and the temperature measured by an optical pyrom- 
eter through the sight tube. When making a test, it has been 
found most satisfactory to increase the temperature at a regular 
rate of 100°C. per hr.- and to make measurements of the length as 
often as seems desirable. ► 

This method will give a precision of measurement within 
+ 0.01 per cent of the length of a specimen, and the temperature 
can be read "to + 10°C. ( + 18°F.) up to the highest temperatures. 
The maximum temperature of this test is limited mainly by the 
reaction of the specimen with its support. If the expense of 
building a complete furnace of the test material is justified, this 
reaction could be prevented and temperatures as high as 1800°C. 
(about 3270°F.) could undoubtedly be reached. 

A similar type of furnace heated by globars is more convenient 
to operate and control than the preceding setup but is limited in 
maximum temperature to about 1600°C. (about 2900°F.). 

The results from expansion tests are most conveniently plotted 
with the temperatures as abscissas and the percentage expan- 
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sions as ordinates. From the slope of this curve, the coefficient 
of thermal expansion can be readily found at any temperature. - 



I itj. liilO. curves for a number of refractories. (./. Am. Ceram. Soc.) 

2 . Expansion Characteristics of a Number of Refractory- 

Bricks. In Figs. 296 to 300 are shown the expansion curves for a 
number of refractory materials. It should be kept in mind that 
the? burning temperature markedly influences the curves, espe- 
cially the temperature at which permanent shrinkage begins. 
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In Table 70 are summarized the main characteristics of many 
of these materials. 




Fm. 298.— Expansion curves for a number of refractories. (./. Am. Ceram. Son.) 

i The data from expansion curves are of considerable value in 
determining the characteristics of a brick produced from a given 
material. It has been shown that the tendency of a brick to 
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spall, other conditions being invariable, is proportional to the 
coefficient of thermal expansion at the temperature where spalling 
occurs. This temperature range lies between 300°C. (572°F.) 
and 700°C. (1292°F.) in most cases; hence, the maximum coeffi- 
cient of expansion in this range is a direct indicator of the spall- 
resisting properties of the material. 

, The expansion curves indicate in most cases when an allotropic 
change takes place in the crystal structure; e.g ., the curve for 



the silica brick shows distinctly the inversion of low- to high-cristo- 
balite around 2bO°C. (500°F.). The quartz inversion point is 
also sharply defined at 573°C. (1062°F.). The expansion of the 
specimen above 1470°C. (2678°F.) shows the gradual change of 
tridymite to cristobalite. The inversion point of quartz is shown 
to some extent in nearly all the fireclay bricks, indicating the 
presence of some free quartz in all these materials. 

£ The temperature at which the specimen begins to shrink or 
expand irreversibly is of considerable importance, for it shows 
the approximate temperature at which the specimen is burned 
and also the maximum temperature at which it can be used satis- 
factorily in service. „ 
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The total reversible expansion of a material is of interest 
for the computation of the necessary expansion joints in the 
design of furnaces and kilns. 

The effect of burning temperature on the coefficient of thermal 
expansion of clays is illustrated by the curves for kaolins. At the 



lowest temperature, the coefficient is low owing to the small 
amount of mullite development and corresponding small silica 
formation. Only a slight trace of the silica inversion points is 
present. At a burning temperature of 1430°C. (2606°F.), the 
thermal-expansion coefficient is much higher and the inversion 
points are quite prominent as a result of the breaking down' 
of the^ silicates to form mullite and some free silica. At 1500°C. 
(2732°F.), the coefficient is reduced because of the initial combi- 
nation of the free silica into glass. At 1620°C. (2948°F.), the free 
silica has almost entirely changed to glass, giving a low coefficient. 



Table 70 /- -Thermal Expansion 
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It may be concluded that magnesite, chrome, and lime have 
high mean coefficients of thermal expansion. Silica, alumina, 
and spinel have intermediate values, whereas clays, zirconia 
minerals, mullite, and silicon carbide generally have low values. 
In regard to the coefficient of expansion in the spalling range, silica 
shows much the highest value. Magnesite, chrome, lime, and 
spinel also have high values, as their sensitiveness to spalling 
would lead us to believe. Clays, alumina, mullite, zirconia 
minerals, and silicon carbide have lower values. 

The more recent results of Heindl (46J made in a reducing atmos- 
phere are substantially the same as those given above, except in 
the case of chromite where a difference was noted. 

3. Expansion of Silica Minerals. — The thermal-expansion 
characteristics of the various forms of silica are of interest, 
because the inversion points are clearly shown. An expansion 
curve of a silica refractoiy will indicate roughly the constituents 
present. In Fig. 300 are shown expansion curves of the four 
forms of silica. The low expansion of the quartz glass and the 
sudden changes at the inversion points are noteworthy. As 
discussed in Chap. IV all of the high temperature forms of silica 
have a low coefficient of expansion. 

The volume of all forms of silica is comparatively constant 
above 600°C. (1112°F.); therefore no spalling troubles will be 
encountered if the furnace is never allowed to fall below this 
temperature. Open-hearth steel furnaces, for example, which are 
constructed to a considerable extent of silica brick, experience 
large and sudden temperature changes. The temperature, how- 
ever, is never allowed to fall below 600°C. (about 1110°F.) or 
S00°C., (about 1470°F.) even for repairs. 

Unfortunately, quartz glass is not stable above about 1200°C. 
(about 2190°F.). If it were, a refractory extremely resistant to 
temperature changes could be made of it. 

4. Coefficient of Thermal Expansion of Other Refractory Mate- 
rials. — In Table 71 are given the coefficients of thermal expansion 
of a number of other refractory materials. A discussion of the 
connection between coefficient of thermal expansion and atomic 
structure is given in Chap. IV. 

5. Reheat Shrinkage of Refractories. — To determine the fit- 
ness of a particular brick for service, it is often tested for shrinkage 
under temperature conditions equivalent to those which it would 
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Table 71.- — Coefficient of Thermal Expansion of High-fusing 

Crystals 

Temperature 

rang** Coefficient 

•Material ; of thermal Authority 

expansion 

°C- - per °C 

Alumina, fu-eri, leerv-tallizeii .. 25-800 77-1472 7 j Merritt* 81 

Sapphire, principal axi*» 20-1000 .08- 1832 9.0 Austin* 391 

Sapphire, A principal axis.. . . 20— 1 000 'OS— 1832 8.3 | Austin go) 

Magnesium oxide, fused 25—800 77—1472 13.4 j Merritt* 81 

Magnesium oxide, single cry-ral 23— 1000 77— 1S32 13.8 ; Austin* 5 ®) 

Mullite, aggregate 20-1430:08-2552 5.3 Heindl<«> 

MuIIite, principal axis .. 20-1 000 08-1832 5.7 Austin* 5 ®) 

Muilite, A principal axis 20-1 000 08-1832 4.5 Austin G®) 

Zircon, principal axis 20—800 68—1472 6.2 Austin' 3 ®) 

Zircon, A principal axis. .. . 20—800 OS— 1472 3.7 Austin 13 ®) 

Zijconia. principal axis .. . . 25-800 7-1472 S.l Merritt* 81 

Zirconia, A principal a xi~ 25-SOO 7-1472 7.3 Merritt**) 

Zirconia, aggregate ,25—800 7—1472 0.2 Merritt 18 ) 

Zirconia, principal axis '20—900 j08— 1652 5.7 Austin 13 *) 

Zirconia, A principal axis |20— 900 68—1652 8.9 Austin* 391 

Chromite, single crystal. . . 20-1000; : 6S-1S32 8.1 Austin* 391 

Thoria, aggregate j— o — S00 ;77— 1472 9.3 Merritt' 8 ' 

Zi:G- Ai aggregate j25—800 T7-1472 S.9 Chesters and Parmelee* 491 

MgO-AI-.O.i, aggregate. . . . |25— 800 (77—1472 8.0 Chesters and Parmelee* 491 

1'VO‘Al.Or aggregate '25— S00 77—1472 S.6 Chesters and Parmelee* 491 

MnO-Al.O,;, aggregate. ...... (25—800 (77—1472 7.1 Chesters and Parmelee* 491 

ZuO-Ci :G:, aggregate 25— S00 77—1472 10.1 Chesters and Parmelee* 491 

MgC-Cr-Di. aggregate 25—800 ! 77— 1472 9.3 Chesters and Parmelee* 491 

FeO-CrsO... aggregate 25—800 77—1472 S.5 Chesters and Parmelee* 491 

MnO-Cr-O.-.. aggregate 123— 800 |77— 1472 9.2 Chesters and Parmelee* 491 

ZnO-Fe.>0;, aggregate 25— SOO j77— 1472 9.7 Chesters and Parmelee* 491 

MgO-Fc’Oi, aggregate 25—800 77—1472 12.7 Chesters and Parmelee* 491 

FeO*Fe«Oc, aggregate 25—800 '77—1472 15.5 Chesters and Parmelee* 491 

MnO-FeoOu, aggregate . 23— SOO 177—1472; 11.0 Chesters and Parmelee* 491 

90 per cent cordierite, aggregate. ,20—308 j6S— 586 ] 1.0 Geller and Insley* 431 

SO per cent forsterite, aggregate. 20—304 (68—579 8.3 Geller and Insley* 431 

Ber;, 1. _ principal axis (20—300 i6S— 572 2.2 Geller and Insley* 431 

Beryl, principal axis ,20—265 '68—509 1.0 Geller and Insley** 31 

93 per cent zinc orthosilicate.... ,20—350 |g 8— 662 1.0 Geller and Insley* 431 

Zinc alui’iinate (20—525 (68-977 7.7 Geller and Insley* 431 

Celsian, 90 per cent '20—400 1 6S — ‘ 752 3.4 Geller and Insley* 431 

Anorthite, 96 per cent 20—300 68—572 4.3 Geller and Insley* 431 

receive in use. This af t e rshrinkage may be determined by the 
bar method, as described earlier in this chapter,- which has the 
advantage of giving a continuous record of the shrinkage through- 
out the range of temperatures, but often it is desirable to make a 
test on a whole brick. > 

This is done by first determining the length or volume of the 
brick by measurement and then subjecting it to a prolonged 
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Tabus 72. — Change in Linear Dimensions on Reheating* 


Brick 

Per cent of change after heating 

5 hr. at 1400°C. 
(2557°F.)f 

5 hr. at 1500°C. 
(2732°P.) 

Pennsylvania 

0.7 

-0.6 

0.1 

0.3 

1 .3 

0.1 

— 1.6 

0.8 

0.3 

0.2 

0.1 

-1.8 

-0.2 

1.1 

1.4 

2.1 

2.6 


Missouri 

-0.3 

-0.8 

0.3 

0.8 

-0.2 

0.1 

-0.1 

—0.2 

—0.2 

—0.1 

-0.4 

-0.4 

-0.7 


Kentucky 

1.7 

4.5 


California. ...... 

0.0 
— 0.2 

0.0 



Maryland 

0.2 

0.3 

0.3 

0.0 

0.3 



Colorado 

—0.7 

-1.2 

New Jersey 

New Jersey 

0.1 

0.2 

-0.8 

-1.7 



* Heat Measurements Laboratory, Massachusetts Institute of Technology. 
1* Negative sign indicates shrinkage. 
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heating lit the desired temperature. After the brick is cooled, it, 
is again measured and the length, volume, and shrinkage 
determined. 

The standard A.S.T.M. test for reheat shrinkage is as follows : 

STANDARD METHOD OF TEST FOR PERMANENT LINEAR 

CHANGE AFTER REHEATING OF REFRACTORY BRICK 

A.S.T.M. Designation: C 113-36 1 

Adopted, 1936 

Ties Standard of the American Society for Testing Materials is issued 
under the fixed designation C 113; the linal number indicates the year 
of original adoption or, in the case of revision, the year of last revision. 

1. Scope. — This method of test covers a procedure for determining 
the permanent linear change of certain types of refractory materials 
when heated under prescribed conditions. 

2. Apparatus. — The apparatus shall consist of a kiln of the down- 
draft type and of such design as not to permit the flame to impinge 
directly from the burner upon the test specimens. The kiln atmosphere 
• luring the test shall be kept as oxidizing as is practicable. 

3. Test Specimens. — a. The test specimens shall consist of three 
standard 9-5 n. brick 9 X 4 1 j X 2} ■> in.) or three pieces of' these dimen- 
sions cut out of larger shapes. 

h. Each test specimen shall be labeled with ceramic paint and care- 
fully measured for length before and after reheating. The measure- 
ments shall be made by the use of a firm joint caliper and a steel rule. 
The calipering shall be done at the center of each end, and the dimension 
>hall be measured to the nearest 0.02 in., or 0.5 mm. 

4. Location of Test Specimens in Kiln. — The test specimen shall be 
placed in the kiln <o that each will rest on a 9 by 2 1 d-in. face and only 
one course high. Each specimen shall be placed upon the 9 by 2 R-in. 
face of a supporting brick which shall be from the same lot as the test 
specimen or at least of equal refractoriness. There shall be placer! 
between the test specimen and the supporting brick a layer of calcined 
diaspore, kyanite. or fused alumina ground to pass a No. 20 (840 /x) 
A.S.T.M. sieve ‘equivalent to mesh No. 20 of the Tyler standard series). 
Each specimen shall be placed so as to be not closer than 11-2 in. from 
other test specimens or the furnace wall. 

5. Temperature Measurement. — a. The temperature within the kiln 
shall be measured by means of a platinum platinum-rhodium thermo- 
couple and a pyrometer, preferably a recording pyrometer. The hot 
junction of the couple shall be placed so as to register the temperature 

1 A.S.T.M. Standards are subject to revision. The Society’s head- 
quarters, in Philadelphia, may be consulted for the latest information. 
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of the test specimens. The kiln shall be of uniform temperature over 
the hearth and shall be checked from time to time by means of cones, 
and they shall not show a difference of more than one cone. Above 
1450°C., the thermocouple should be withdrawn and an optical pyrome- 
ter shall be used. The sighting shall be directed upon one of the test 
specimens. 

b. During the constant temperature period of the test, the temper- 
ature as measured by the thermocouple shall not be allowed to var}” by 
more than +10°C. and, in the case of the optical pyrometer, ±15°C. 
Temperature readings shall be made at intervals not greater than 15 min. 

6. Test Temperature Schedules. — The kiln shall be operated so as to 
conform to the temperature schedule specified for the particular test to 
be conducted. Heating schedules for various classes of refractories are 
shown in the following table: 

Heating Schedule for Reheat Test of Various Types of Refractories 


Elapsed | 

i Temperature of test specimen, °C. 

from i 


start of 
heat- 
ing, hr. 

Schedule A 

Schedule B 

Schedule C 

Schedule D 

1 

Between 700—800 

Between 900—1000 

Between 900—1000 

Between S25 and 





925 


Between 1075—1125 

Between 1275—1325 

Between 1275-1325 

Between 1225 and 

3 

1200 ± 10 main- 

1400 ± 10 main- 

i Between 1450—1500 

| 1275 

j 1350 ± 10 main* 


tained for 5 hr. 

tained for 5 hr. 

j 

,, tained for 3 hr. 

4 



I Between 1550—1575 


o 



| 1600 ± 15 main- 





1 tained for 5 hr. 



T. Cooling. — After completion of the heating period the test specimens 
shall be allow r ed to cool in the closed kiln for a period of at least 10 hr. 

8. Calculation. — The test specimens shall be remeasured after 
rubbing the ends with an abrasive block to remove small blisters. The 
percentage linear change based upon the original length shall be calcu- 
lated and reported as the average value of the three test specimens. 

In Table 72 are given some values for typical fireclay bricks 
under the standard test conditions. A few values are also given 
at 1500°C. (2732°F.). It is interesting to notice that this test 
indicates an expansion as often as a shrinkage. This reheat 
volume increase is known both as “secondary expansion” and 
“afterexpansion.” At the higher temperature, the shrinkage or 
expansion is usually increased; but in some cases, there is little 
change; and in others, an actual reversal in sign occurs. 

Another test that determines the aftershrinkage of a brick 
is the simulative service test used by the TJ.S. Navy. According 
to the description by Rogers/ 281 it consists in building up two 
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walls of a furnace, one of the brick to be tested and the other of a 
standard brick. The furnace is then run for 24 hr. at a tem- 
perature of 1590°C. (2900°F.) and again at 1650°C. (3000°F.), 
with an examination of the walls between the tests. An examina- 
tion of the wall after it is cooled nail indicate by the width of the 
open joints the approximate shrinkage of the bricks. The 
photographs in Figs. 301 and 302 show typical walls. This test 
is, of course, not quantitative, but it does more or less correspond 
to actual service conditions. It is believed that a wall that 
shrinks a small amount at each joint is better than a wall that 
concentrates its shrinkage into a few large cracks. It should 
also be realized that a wall may have a considerable amount of 
open joints when cool and yet be substantially tight when at a 
high temperature. 

As previously mentioned, bricks may show either an expansion 
or a shrinkage when heated to the temperatures of service. In 
general, bricks are not burned so high in the process of manufac- 
ture as the temperature of service; consequently, with the usual 
type of clay, the brick will decrease in volume at service tem- 
peratures. This is undesirable, especially in crowns and arches, 
because the open joints resulting give corners for spalling and 
slag erosion to start. The open cracks also concentrate the load 
in the arch on a relatively small area of the block, which greatly 
decreases the stability of the structure. A slight expansion is 
not particularly harmful if the wall or arch is properly designed. 

Theory of Secondary Expansion . — There are three phenomena 
that may produce an increase in volume of w*are subjected to the 
reheat test. They are 

1. Overfiring;, i.e ., development of a vesicular structure, or bloating. 

2. Opening of the laminations of the clay. 

3- Transformations or reactions in the crystalline phases during the 
firing, yielding products of lower true density than the reactants. 

In general, these phenomena take place in certain definite tem- 
perature ranges. When the temperature at which a brick is first 
fired is below* this range, the brick may expand if subjected to a 
reheat temperature in the expansion range. When the tem- 
perature of the initial firing is in the expansion range, the ware 
may shrink, expand, or stay constant in volume in the reheat test, 
depending upon the time and the atmosphere of firing, y 
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The reactions that take place to cause overfiring have been 
discussed in Chap. IX. Overfiring occurs in certain clays, 
especially plastic clays, and it is probable that the decomposition 
of some materials, perhaps sulfides and sulfates, is inhibited so 
gases are not given off until a temperature near the fusion point 
is reached. These gases form bubbles in the glassy portion of the 
clay, and an expansion may result. 

True secondary expansion may be caused by either 2 or 3 
above. The former was investigated by Everhart , ( 5 tJ) who 
concluded that the increase in bulk volume was due to the opening 
of natural laminations or bedding planes in the clay grains. 
Fine grinding, blending of expanding and shrinking clays, slow 
firing, oxidizing atmosphere, and high forming pressure are sug- 
gested as means to decrease or eliminate the tendency to expand. 
This secondary expansion is characteristic of many clay deposits. 
The secondary expansion of the fireclay bricks given in Table 72 
is undoubtedly due to the opening of the laminations in the clay 
grains. Reference should also be made to the paper on this 
subject by Heindl and Mong.' 6U ' 

The discussion of the changes in kyanite during heating and 
the firing properties of clay-kyanite bodies in Chap. IX is an 
excellent example of secondary expansion due to 3 above. 
Referring to curve D in Fig. 146 of Chap. IX, it is clear that a 
brick of that composition fired first at about 2400°F. would show 
considerable expansion if reheated at 2700°F. However, if the 
reheat temperature were above 2950°F., shrinkage would result. 

The expansion of refractories having high-alumina grog 
(corundum and mullite) bonded with fireclay or kaolin is due to 
transfer of silica into the grog grains by diffusion, which converts 
some of the corundum to the more bulky mullite,' -'as clearly 
shown by Hall. 165 ' 


6. Bibliography 

1. (Voomvix, H. M., and R. I). Mai lev: On the Physical Properties of 

Fused Magnesium Oxide, Trails. Am. Electrochem. Soc., Yol. 0, 
pp. 89-98, 1906. 

2. Hodsman, H. J., and J. Y . Cobb: The Reversible Expansion of Refrac- 

tory Material, J. Soc. Glass Tech., Yol. 3, pp. 201-222T, 1919. 

3. Ross, D. tY.: Silica Refractories: Factors Affecting Their Quality and 

Methods ot Testing the Raw Materials and Finished Ware, Bur. 
Standards. Tech. Paper 116, Vol. 11, 1919. 



EXPANSION AND SHRINKAGE 


539 


4. McDowell, J. S., and R. AI. Howe: Alagnesite Refractories, J. Am. 

Ceram . Sac., Vol. 3, 3, p. 185, 1920. 

5. Houldsworth, H. S., and J. W. Cobb: The Reversible Thermal Expan- 

sion of Silica, Trans . Ceram , . Soc. ( England ), Vol. 21, p. 227, 1921-1922. 

6. Houldsworth, H. S., and J. W. Cobb: The Reversible Thermal Expan- 

sion of Refractory Alaterials, J. Am. Ceram. Soc., Vol. 6, 5, p. 645, 
1923. 

7. Houldsworth, H. S.: Note on the Influence of Rapid Cooling on the 

Reversible Expansion of Fire Clay, J. Soc. Glass Tech., Vol. 8, pp. 
30-38, 1924. 

S. Merritt, G. E.: Application of the Interferometer to Aleasurements 
of the Thermal Dilation of Ceramic Alaterials, Bur. Standards , Sci. 
Paper, Vol. 19, 485, pp. 357-373, 1924. 

9. Steger, W.: The Significance of the Thermal Expansion Coefficients 
for the Stability of Ceramic Bodies and Their Raw Alaterial toward 
Temperature Change, Sprechsaal, Vol. 57, 26, 1924. 
y 9a. Harvey, F. A.: Note on Secondary Expansion of Flint Clay, J. Am. 
Ceram. Soc., Vol. 7, 6, pp. 455—456, 1924. 

10. Hirsch, H., and AI. Pulfrich: Neues Verfahren zur Ermittelung der 
Ausdehnung in hoherer Temperatur, Tonind-Ztg., Vol. 49, 32, 
pp. 452-453, 1925. 

o/ll. Norton, F. H. : The Thermal Expansion of Refractories, J. Am. Ceram. 

Soc,., Vol. 8, 12, p. 799, 1925; Discussion in Bull. Am. Ceram. Soc., 
Vol. 5, pp. 215-217, 1926. 

12. Rees, W. J.: The True Specific Gravity and After-expansion of Lime- 

bonded Silica Bricks, Trans. Ceram. Soc. {England), Vol. 24, p. 66, 
1924-1925. 

13. Rhead, T. F. E., and R. E. Jefferson: Notes on: (1) Testing for 

Refractoriness and After-Contraction; (2) A Few Experiences with 
Refractories in Vertical Retorts, Gas. J., Vol. 171, pp. 31—34, 1925. 

14. Steger, W.: An Apparatus for the Indication of the Thermal Expansion 

of Ceramic Alaterials, Sprechsaal, Vol. 58, 48, 1925. 

15. Wood, J. F. L., H. S. Houldsworth, and J. W. Cobb: The Influence 

of Foreign Alatter on the Thermal Expansion and Transformation of 
Silica, Trans. Ceram. Soc. {England), Vol. 25, pp. 289—308, 1925-1926. 

16. Becker, K.: Eine rontgenographische Alethode zur Bestimmung des 

Warmeausdehnungs-koeffizienten bei hohen Temperaturen, Z. Physik , 
Vol. 40, pp. 37-41, 1926. 

17. Endell, K., and E. Pfeiffer: The Structure of Silica Brick Used in 

Coke Ovens, Ber. Werkstoffausschuss. Ver. deut. Eisenhiittenleute , 91, 
1926; Stahl u. Eisen, Vol. 47, 3, pp. 99-100, 1927. 

18. Geller, R. F., and R. A. Heindl: Progress Report on Investigation of 

Sagger Clays — Some Observations as to the Significance of Their 
Thermal Expansions, (II), J. Am. Ceram. Soc., Vol. 9, 9, pp. 555—574, 
1926. 

19. Merritt, G. E. : The Thermal Expansion of Some Fused Oxides Used 

as Refractories, Trans. Am. Electrochem. Soc., Vol. 50, pp. 165—175, 
1926. 



540 


REFRACTORIES 


20. Phelps, S. M„: A Study of the Shrinkage of Diaspore Clays, (I), ,J . 

Am. Ceram . Seen, Vol. 9, 10, p. 659, 1926. 

21. Kieffer, E.: Concerning the Expansion Behavior of Raw Sagger Mate- 

rials Containing Quartz, Ber. deut. keram. Ges ., Vol. 8, pp. 73-92, 

1927. 

22. Miehr, W., J. Kratzert, and H. Lmmke: Die Bedeutung der therm- 

ischen Ausdehnung fiir die Beurteilung feuerf ester Baustoffe, Tonind.- 
Ztg.j Vol. 51, 26, pp. 417-422, 1927. 

23. Sc hon ert, K.: Die Wi'irmeausdehnung von feuerf esten Baustoffe, 

Arch. Eiscnhuttenwesen , Vol. 1, 5, pp. 379— 386E, 1927. 

24. Booze, M. C.z Shrinkage of Fireclay Refractories, Refractories J., Vol. 

3, 28, pp. 687-688, 1928. 

25. Cohn, W. M.: Coefficient of Expansion of Zirconium Oxide, Ber. deut. 

keram. Ges., Vol. 9, 1, pp. 16—18, 1928 

26. Endell, K,, and W. Steger: Ueber Messungen der Warmeausdehnung 

feuerf ester Baustoffe bis 1600 3 C., Stahl a. Eisen , Vol. 48, 22, p. 722, 

1928. 

27. Phelps, S. M.: The Brick Meter, Am. Refractories Inst., Tech. Bull. 

27, September, 192S. 

28. Rogers, G. L.: Use of the Simulative Test Furnace as a Means of 

Making Comparative Tests of Fire Brick, J. Am. Ceram. Soc. } Vol. 

II, 5, p. 323, 192S. 

29. Westmax, A. E. R.; Thermal Expansion of Fireclay Bricks, Vniv. 

III. Eng. Exp. Sta Bull. 1SI, Vol. 26, 1928. 

30. Hidnert, P., and W. T. Sweeney: Thermal Expansion of Magnesium 

and Some of Its Alloys, Bur. Standards, J. Research, Vol. 1, p, 771, 
1928. 

31. Endell, K. : Measuring Thermal Expansion of Refractory Materials 

up to 1600 C C., Feuerfest , Vol. 5, 1, pp. 3—4, 1929. 

32. Heixdl, R. A., and W. L. Pendergast: Progress Report on Investiga- 

tion of Fireclay Brick and the Clays Used in Their Preparation, 
J. Am. Ceram. Soc., Vol. 12, 10, p. 640, 1929. 

33. Hidnert, P., and W. T. Sweeney: Thermal Expansion of Graphite, 

Bur. Standards , Tech. Paper 335, 1927. 

34. Loomis, G. A.: Porosity and Volume Changes of Clay Fire Bricks at 

Furnace Temperatures, Bur. Standards, Tech. Paper 159, 1920. 

35. Singer, F.: Ceramic Materials, Brit. Patent 282403, Feb. 15, 1928. 

36. Richardson, G. B.: The Causes and Prevention of Bulging in Hand- 

molded Refractory Shapes, J. Am. Ceram. Soc., Vol. 13, 4, p. 256, 
1930. 

37. Thilexius, R., and H. Holzmann: New Method for Determination of 

Small changes in Length and Its Application in Measuring Coeffi- 
cient of Expansion of Glasses and Ceramic Materials, Z. anorg. 
allgem. Chem., Vol. 189, 4, pp. 367-387, 1930. 

38. Salmaxg, H., and A. Rittgen: The Thermal Expansion of Raw and 

Fired Clays, Sprechsaal, Vol. 64, pp. 447, 465, 481, 501, 517, 1931. 

39. Austin, J. B.; The Thermal Expansion of Some Refractory Oxides, 

J. Am. Ceram. Soc., Vol. 14, 11, p. 795, 1931. 



EXPANSION AND SHRINKAGE 


541 


40. Steger, W.: Source of Error when Measuring Thermal Expansions of 

Ceramic Materials by Means of the Tube Method, Sprechsaal, Vol. 
64, 19, pp. 351—354, 1931. 

41. Reich, H : New Apparatus for Measuring the Thermal Expansion of 

Refractory Materials between 0° and 1,700°, Ber. deut. her am. Ges ., 
Vol. 13, p. 157, 1932. 

42. Paembleb, C. W., and A. Ally: Some Properties of Chrome Spinel, 

J. Am. Ceram. Soc., Vol. 15, 4, p. 213, 1932. 

43. Gellbr, R. F., and H. Insley: Thermal Expansion of Some Silicates 

of Elements in Group II of the Periodic System, Bur. Standards J. 
Research , Vol. 9, 1, pp. 35—46, 1932. 

44. Fromm, F. : Thermal Expansion of Silica Brick, Arch. Eisenhuttenwesen, 

Vol. 7, pp. 381—384, 1933—1934; Stahl u. Eisen, Vol. 54, p. 84, 1934. 

45. Merritt, G. E.: Interference Method of Measuring Thermal Expan- 

sion, Bur. Standards , J. Research , Vol. 10, 1, pp. 59-76, 1933. 

46. Heindl, R. A.: The Thermal Expansion of Refractories to 1,800°C., 

Bur. Standards , J . Research , Vol. 10, p. 715, 1933. 

47. Krause, O., and E. Jakel: The Thermal Expansion of Some Ceramic 

Bodies Containing Steatite in the Ternary System MgO-AloOs-SiCb, 
Sprechsaal , Vol. 67, pp. 509, 525, 543, 1934. 

48. Salmang, H., and F. Gareis: Measurement of the Thermal Expansion 

of Refractory and Super-refractory Materials and of Quartz Glass: 
Density Determinations on Quartz Glass, Sprechsaal, Vol. 68, pp. 439, 
455, 467, 479, 1935. 

49. Chesters, J. H., and C. W. Parmelee: Reaction-expansion Measure- 

ments on Chromite and Allied Spinels, J. Am. Ceram. Soc., Vol. 18, 3, 
p. 94, 1935. 

50. Durand, VI. A. : Coefficient of Thermal Expansion of Magnesium Oxide, 

Physics, Vol. 7, pp. 297-299, 1936. 

51. Greaves- Walker, A. F., and C. W. Owens, Jr.: The Expansion of 

Pyrophyllite, Bull. Am. Ceram. Soc., Vol. 15, 9, p. 303, 1936. 

52. Ebert, H., and C. Tingwaldt: Expansion of Refractories at Tempera- 

tures up to 2,000°C., Z. Physik, Vol. 37, p. 471, 1936. 

53. McGeary, F. M.: Navy Department Method of Testing Refractory 

Linings for Naval Boilers, Bull. Am. Ceram. Soc., Vol. 16, 8, p. 335, 
1937. 

54. Thurnauer, H.: Cordierite Gives Low Expansion in Ceramic Bodies, 

Ceram. Ind., Vol. 29, p. 362, 1937. 

55. Pole, G. R., and D. G. Moore: The Expansion Characteristics of 

Kyanite and Kyanite-clay Mixtures when Heated, Bull. Am. Ceram. 
Soc., Vol. 17, 9, p. 355, 1938. 

56. Rigby, G. R., and A. T. Green: The Reversible Thermal Expansion of 

Refractory Materials, Trans. Ceram. Soc. {England), Vol. 37, pp. 355- 
403, 1938. 

57. Steger, W. : Expansion and Contraction Measurements on XJnfired 

Ceramic Bodies, Ber. deut. keram. Ges., Vol. 19, p. 2, 1938. 

58. Austin, J. B.: Linear Thermal Expansion of Beta-alumina, J . Am. 

Ceram. Soc., Vol. 21, 10, p. 351, 1938. 



IiEE It A C TORIES 


542 


59 . Everhart, J. O. : Secondary Expansion in Refractory Clays, Ohio Slate 

Univ. Eng. Expt . Sta. Bail. 98, 23 pp., 1938. 

60. Hyslop, J. F., and A. Mi'Muhdo: The Thermal Expansion of Some Clay 

Minerals, Trans. Ceram. Soe. (England), Vol. 37, pp. 180—182, 3 938. 

61. Saunders, J. R. : Improved Interferometer Procedure with Application 

to Expansion Measurements. Bar. Standards , J. Research, Vol. 23, 
p. 179, 1939. 

02. Heixdl, R. A., and E. E. Mont,: Length Changes and Endothermic and 
Exothermic Effects during Heating of Flint and Aluminous Clays, 
Bar. Standards , J. Research , Vol. 23, p. 427, 1939. 

63. ( 1 elder, R. F., and E. X. Buntixo: Length Changes of Whiteware 

Clays and Bodies during Initial Heating with Supplementary Data on 
Mica, Bureau Standards , J . Research, Vol. 25, p. 15, 1940. 

64. Xix, F. (*., and T). MacXair: An Interferometric-dilatorneter with 

Photographic Recording, R* r. Scientific Instruments, Vol. 12, 2, 

pp. 06—79, 1943. 

V65. Hall, J. I..: Secondary Expansion of High- Alumina Refractories, J. 
Am. Ceram. Sue.. Vol. 24, 11. p. 349, 1941. 



CHAPTER XVII 

HEAT TRANSMISSION BY REFRACTORIES 


In certain parts of a furnace, such as the walls or roof, a 
minimum transmission of heat to the outside is desired; hence, a 
refractoiy with a low thermal conductivity would be necessary 
for these conditions. On the other hand, such parts as muffles 
or underfired hearths require a refractory with a high conductiv- 
ity value. It will therefore be seen that the furnace designer 
must have accurate data on the thermal conductivity of his 
refractories before he can intelligently select his materials or 
predict the performance of his furnace. 

1. Laws of Heat Conduction. Definitions and Units . — The 
following symbols have been generally adopted in reference to 
heat flow: 

q = the quantity of heat conducted, B.t.u. per hi-. 
to = the initial temperature in variable how 
ti = the temperature of the hotter surface, deg. F. 
t n = the temperature of the cooler surface, deg. F. 

L = the thickness of the wall, in. 

k — the conductivity of the material, B.t.u. • hr." 1 * ft.. - - * in. 
deg. F. -1 

A = the area of the section normal to the how, sq. ft. 
x = the distance from the hotter surface, in. 

h 2 = the diffusivitv = 

pc 

p — bulk density, lb. per cu. ft. 
c = the specihc heat 
t = time, hr. 

Table 73 (63) gives factors to convert the common units of heat 
how into others. Throughout this chapter, engineering units 
will be used. 

Steady Flow. — For conditions of steady how, the amount of 
heat passing through q, wall is expressed by 

kA(ti — tn) 
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'Faulk 73 , (\ in version Factors* 
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or if we consider a unit area of 1 sq. ft., then 



k 


for a simple wall. 

In a composite wall made up of several layers, the value of q 
is obviously the same for each layer under steady conditions; 
therefore 


q = 


ti — t n 

(I/ 1 AO + (L 2 /k 2 ) + 


(L n /kn) 


( 2 ) 


where L\, L*,, . . . L n and hi, k 2 , . . . k n refer to the properties 
of each layer, respectively. 

Since the temperature drop across each layer is equal to the 
heat flow times the actual resistance of the respective layers, we 
may say 

u ~ u = q K (3) 

u - ~ u = « §? ■ ■ ■ W 


From these temperature drops, the interface temperatures can 
be computed. It should also be remembered that the value of q 
entering the hot face and leaving the cool face is equal to the q 
of each layer. 

Variable Flow . — In practice, many cases of unsteady heat flow 
occur, as in batch-type furnaces. In a simple case, suppose 
that a wall is suddenly heated from £ 0 to ti on one face. The 
temperature at a point x distant from the face is given by 
Fourier’s equation. 


t = 


2 to r~ 

y/n 1 J 


X 

2 hVr 


d(3 


( 5 ) 


where (3 — a variable of integration 

It will be seen that the penetration of heat will depend on 
time and the value of diffusivity. An infinite time is required 
theoretically to reach equilibrium, and practical equilibrium 
requires many hours in thick walls. In Fig. 303 are shown 
curves of temperature rise of the cool face in refractory walls of 
various thicknesses that have suddenly been heated on one face. 
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When the hot face is not brought up suddenly but at a definite 
schedule, the calculations are difficult. They may be approxi- 
mated, however, by adding an imaginary layer to the hot face 
of the wall, as suggested by Ingersoll and Zobelp- or the Schmidt 
method may be used as illustrated by Id inks. ^ 


Curves C-c..vup Pea^Renetra- - 
T!ON h-J &NGLE A'ALL -X INCHES In 
\ Thickness. Peat c^E'ngj5ucden . 
n. c O'-'E face. The 

\ "Rear Face Being Perfectly 
\ Insulated 


vA.y — * 



-Heut-peiietrat 


on curve:?; ti = temperature of heated face, t = tem- 


wall thickness. 


2 Theory of Heat Transfer through a Porous Body.— Since 
most refractories are more or less porous, it is of interest to see 
how this porosity influences the transfer rate, 
i Conduction . — Some of the heat is conducted through the body 

! bv" virtue of the close contact of the particles making up the 
structure. This conduction will be decreased as the porosity 


Convection .— If the pores are filled with air or combustion 
ga^es as would usuallv be the case, some heat is transferred by 
convection currents in the pore itself. This transfer is so small 
as to be negligible for the usual size of pores. 

Radiation . — A considerable portion of the heat flow at high 
temperatures may be due to direct radiation across the pores. 
For a given amount of porosity, the large pores will transter 

more heat by radiation. _ . . 

The radiant heat transferred is also proportional to me emissn- 
ity of the refractory surface. These total emission coefficients 
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are not accurately known at high temperatures, but some figures 
bv Heilman indicate that a black brick such as chrome has a 
value of 0.97 whereas a white refractory like a kaolin brick has a 
value as low as 0.3. 

There is an excellent opportunity for anyone interested in 
the field of high-temperature insulators to do some valuable work 
bv correlating the theoretical and measured values of h for 
materials with various types of porosity and emissivity. 

3. Measurement of Thermal Conductivity. The High-temper- 
ature Calorimeter Method . — Most of the high-temperature tests on 
refractories for thermal conductivity have been made by setting 
up a uniform parallel flow of heat normal to the faces of a slab. 
The quantity of heat flowing is measured by a water calorimeter 
on the cold face of the specimen, and the temperature gradient 
by the thickness and hot- and cold-face temperatures. 

The establishment of a uniform flow is by no means easy, and 
only by careful guarding can this be accomplished. Also the 
temperatures on the isothermal planes must be read with great 
care. At the same time, an equilibrium flow must be established 
by a constant hot-face temperature for a long time interval. 
Perhaps no other physical measurement is beset with so many 
pitfalls. 

This method can best be explained by an example of a high- 
temperature plate tester originally suggested by Professor Wilkes 
but later constructed in many' laboratories with minor changes. 
The following description applies to an apparatus recently 
constructed in the refractories laboratory of the Babcock and 
Wilcox Company. 

A drawing of this apparatus is shown in Fig. 304. The 
specimen a rests on the calorimeter b and guard ring c. The 
last-mentioned is surrounded by a cooling coil d to prevent heat 
from passing to the underside of the calorimeter. The heat is 
supplied by a grid of globar heaters e in the upper chamber / 
lined with insulating firebrick. A silicon carbide slab r dis- 
tributes the heat evenly. The hot- and cool-face temperatures 
are measured by the thermocouples g and h, and an intermediate 
temperature by couple i. The temperature rise in the calorim- 
eter is measured by multiple differential couples j in the inlet 
and outlets. The differences in temperature between the guard 
ring and calorimeter are also measured by multiple differential 
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couples imbedded in the metal. The water flow is controlled by 
special regulating valves k . The water for the calorimeter and 
guard is circulated by the pump n between the upper tank l and 
the lower tank m. This keeps it free from air, and the filter o 
removes any sediment. The water in the lower tank is cooled 
by a copper coil through which tap water flows. The tempera- 
ture of the water entering the calorimeter is held constant by 



Fig. 305. — Water passages in the calorimeter and guard ring. 


the thermostat p and the control valve q. In Fig. 305 is shown 
the arrangement of water passages in the calorimeter and guard 
ring. 

Special features are the constant-temperature water source, 
the temperature control of the furnace to maintain the tempera- 
ture for the 24-hr. run within ±2°F. and the flow passages in 
the calorimeter. The method of making a test will be made 
clear by the following example of a run made on an insulating 
firebrick in Table 74. 

Thermal conductivity is measured in other w r ays; e.g., a 
cylindrical specimen is sometimes convenient as shown in Fig. 306 
which represents a pipe cover tester. In this way, edge losses 
are minimized, because the area of the ends is small compared 
with the outside area; but it is often difficult to obtain standard 
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Table, 74.- 

—Typical 

TlIIvUMAI.-f 

oxnrcTiviTY HUN" 



Difference 

lJiffercnc< 

! tot ween 




Water 

Time 

between 

inlet and 

Hot face, 

Center, 

Col<l face, 

guard and 
calorime- 
ter, M.V. 

nutlet of 
calorime- 
ter, M.V. 

M.V. 

M.V. 

51. V. 

flow, 
per ce. 
min. 

9:00 

0.002 

0.030 

4.62 

13.73 

1 . 70 


10:00 

0 . 000 

0.02 s 

4. S3 

13.93 

1.79 

360 

10:40 

0 . 000 

0 . 030 

4.72 

13.77 

1.70 

358 

1 1 : 00 

0 . 000 

0.029 

4.70 

13.79 

1 1.72 

361 

1 1 : 30 

0 . 000 

0.029 

4 . 65 

13.76 

! i.6s; 

370 

12:34 

0 . 000 

0.029 

4 . 62 

13.67 

1 . 68 

367 

1 : 45 

0.000 

0 . 027 

4 63 

13.64 : 

1.67 : 

360 

2 : 1 5 

0.000 

0.028 

4.63 

13.65 ; 

1.68 


3:15 

0.000 i 

= OF. 

0.027 
= 0 . 24“C 

| 4.63 

.: « 995 C F. 

13.66 | 

i = 630°F. ' 

| 1 . 07 ! 

= 105 °F. ! 

360 


q = 0.24 X 3.83 X 300 = 332 D.t.u. per hr. 


332 X 1 .25 
030 — 105 


414 

525 


0.79 


k at 368°F. 


332 X 2.5 
9c5 — 105 
332 X 1.25 
995 — 039 


= 0.93 = k at 550°F. 

™ - 1.13 = k at S12°F. 
30o 


refractories of the proper .shape, 
ever, has been used by Holler 58 1 



300.— Pipe tester for measuring 
thermal conductivity. 

must be the same for both. 


The cylindrical method, how- 
and others for high-temperature 
tests. 

The Northrup method con- 
sists in passing a uniform, 
linear flow of heat through two 
■:ko layers of refractory in contact. 
If the temperature drop is 
known through each layer and 
the v.alue of k known for one 
material, the conductivity of 
the other layer can be readily 
determined, as the value of q 
The following relation holds: 


Temperature drop in specimen A _ k } 
Temperature drop in specimen B ~ k. 
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Harmonic- flow Method . — A somewhat different method has 
been used to determine the thermal conductivity by making use 
of Fourier’s equation for nonuniform heat flow. If we consider 
Eq. (5) in this chapter, it will be noticed that the value of IT 2 , 
the diffusivitv, can be determined by studying the temperature 
changes, in a given material. From the value of h, the thermal 
conductivity can be computed if the density and specific heat 
are known, properties that are not difficult to measure. This 
method has been carried out practically by applying to one sur- 
face of the test material a temperature varying harmonicalh'. 
The temperature is then recorded inside the solid at several 
distances from the surface; and from these values, h can be com- 
puted. It will be noticed that this method does not necessitate 
a measurement of the quantity of heat flowing. On the other 
hand, the same difficulties are encountered in ensuring a linear 
flow of heat as in the other methods, and the problem of pro- 
viding a sinusoidal heat supply at high temperatures is a serious 
one. 

4. Thermal-conductivity Values for Refractories and Insu- 
lators. Crystals and Glasses . — The available data for crystals 
and glasses are very meager at low temperature and nonexistent 
at high temperatures. A few values are shown in Table 75 to 
bring out three important facts: (1) The thermal conductivity 
for some crystals decreases with increasing temperature, prob- 
ably reaching a minimum and {hen increasing again, whereas for 
glasses it always increases. (2) The k value for a crystal with 
an orderly arrangement of atoms is greater than that for a 
corresponding glass as shown for the case of silica. (3) The 
conductivity of nonisotropic crystals varies with the direction 
of heat flow, being a maximum along one principal axis and a 
minimum along another. The ratio of the maximum and mini- 
mum I’ for a number of crystals is shown in the last column of 
Table 75. 

At present, there are insufficient data to' formulate a relation 
between atomic structure and thermal conductivity with any 
certainty. However, the following equation proposed by Comp- 
ton* 65) seems best to fit the experimental results. 


k = bn 2 dRv 


2 — cT* ' 3 * e~ Bv/2T 

c*T 



of) 2 
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where 6=1 

?^ 2 = number of atoms per unit area of the plane normal to 
the heat flow 

d = distance between neighboring atoms 
v = the natural frequency of the atoms 
c = determined by the conductivity at a given tempera- 
ture 

B — universal constant 

There are a number of other references on computation of 
thermal conductivity some of which have been referred to on 
page SO. 


Table 75. — Thermae Conductivity of Crystals and Glass 


Material 


Quartz parallel to axis 

Quartz perpendicular to axis. 

Vitreous silica 

Soda-lime glass 

Pyrex glass 

Zircon 

Topaz 

Beryl 

Rutile 

Corundum 


I Mean thermal conductivity 
, at a mean temperature of 


o°c. 

100°C. 

200°C 

102.0 

73.0 

61.0) 

52.0 

41.0 

38. 0^ 

9.3 | 
7.9 | 

11.0 

12.5 

7.0 | 


8.2 


Ratio of 
minimum k to 
maximum k 


0.57 

1.00 

1.00 

1.00 

0.S1 

0.9-4 

0.S1 

0.62 

0.85 


The field of research connecting thermal conductivity with 
atomic structure is almost virgin territory and offers excellent 
opportunity for further work, especially in developing a precise 
method of measuring k up to high temperatures on very small 
specimens. 

Heavy Refractories . — The commercial refractory consists of 
crystalline material alone or with a glass bond. Usually the 
crystals are small and randomly oriented. We would expect, 
from the preceding data, that the value of k would be higher 
for those refractories consisting of well-bonded crystals with 
the glass phase eliminated. For example, the recrystallized 
silicon carbide contains very little glass and has a high con- 
ductivity value. A great deal more research is needed on the 
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conductivity of refractories made of crystals, glass, and air in 
varying proportions. Some values of thermal conductivity of 
heavy refractories are shown in Table 76. Owing to experimental 


Table 76 . — Heavy Refractories 
Mean Thermal Conductivity* at a Mean Temperature, Deg. F. 


Type of brick 

Po- 1 
rosity, 
per 

cent 

400 

800 

1200 

1600 

| 2000 

2400 

Authority 

Alumina, fused 

21.3 

18. 5 

21.7 

24.2 

26.7 

28.4 

30.0 

NortonC 26 > 

Carbon 





18.5 

22.0 


Powell and Schofield< 64 > 

Chrome 

30.5 

10.0 

10.8 

11.3 

11.6 

11.8 

12.0 

Norton^ 26 ) 


(15.2 

8. 1 

8.4 

10.1 

10.8 

11.4 

12.0 

Wilkes^ 44 ) 

Fireclay 

< IS. 4 

7.3 

8.7 

9.8 

10.6 

11.6 

11.8 

Norton' 26) 


(26.7 

7.0 

7.8 

8.7 

9.3 

10.2 

10.5 

Norton f26 > 

Graphite 


730 

500 

400 

310 

220 


Powell and Schofield^*) 


(10.8 

13.5 

15.0 

16.3 

18.0 

18.8 

19.7 

Norton< 26) 

Kaolin 

<23.2 

10.0 1 

10.9 

11.9 

12.8 

13.4 

13.8 

Norton^ 26 * 


(49.1 

3.0 

4.4 

5.2 

6. 1 

6.7 

7.1 

Norton< 26 > 


( 29 

25.8 

22.0 

18.2 

15.7 

13.7 

12.6 

Wilkes (41) 

Magnesite 

131.6 

39.2 

35.2 

29.0 

26.7 

25.6 

25.0 

Norton^ 26 * 

Silicon carbide clay 6 

28.3 

26 

26 

29 

34 

38 

50 

Wilkes < 44 > 

Silicon carbide clay 







1 


5 per cent 

16.2 


175 

155 

.135 

118 


HollerW) 

Silicon carbide clay 









20 per cent 

21.0 


70 

61 

58 

57 


Holler^) 

Silicon carbide, re- 

/ 34.4 

210 

175 

150 

115 

95 

81 

Wilkes (44 > 

crystallized 

135.3 


143 

•<26 

105 

93 

80 

Norton< 2fi > 


(28.0 

6.5 

8.5 

10.5 

12.4 

14.0 

15.7 

Austin and Pierce( 50< O 

Silica 

<29.0 

7.0 

8.9 

10.3 

11.7 





(30.4 

8. 1 

10.0 

11.8 

13.0 

14.2 

15.3 

Norton f26 > 

Spinel 

36.3 

10.4 

11.6 

12.5 

13.3 

14.0 

14.6 

Norton< 26 > 

Zirconia 

29.5 

10.4 

11.3 

12.2 

13.0 

13.7 

14.3 

Norton^ 26 ) 


expressed as B.t.u. • hr. -1 * ft. -2 * in. • °F. _1 . 


difficulties, the values for heavy refractories cannot be depended 
on closely. 

Insulators . — Insulators are composed of a more or less refrac- 
tory skeleton having a large proportion of pores. The basic 
material may be magnesium carbonate, asbestos, silica, clay, or 
glass fibers. The values of k for a number of typical materials 
are shown in Table 77. For data on any specific product, it is 
necessary to get in touch with the manufacturer or make an 
individual test of the material. 

It will be noted that in general, the lighter the insulator 
the lower will be thfe value of k at low temperatures. There is a 
lower limit, however, as mineral wool, for example, below 5 lb. 
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refractories 



# A’ expressed aa B.t.u. • lir, -1 * ft. 2 * in* • I* 
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per c‘U. ft. density shows an increasing value of k. In general, 
material with the smallest pores has the slowest increase in 
conductivity with increasing temperature; but here again, much 
research is needed to develop a general theory of heat conduc- 
tion in porous materials, although this has been considered by 
Miiiie writers. (38J 

5. Flow of Heat through Walls under Steady Conditions. 

Computation of Heat. Flow in a Simple Wall . — The flow of heat 



Fm. 307. — Average curves of thermal conductivity used in calculations. (From 
R. H. Heilman, A.S.T.jM. Committee C - 8 on Refractories.) 

through simple walls is dependent on the thermal conductivity 
at the mean wall temperature and the temperature difference 
between the hot and cold face. Also it should be remembered 
that the quantity of heat passing through the wall must be equal 
to the heat leaving the wall. The latter is also dependent on the 
cold-face temperature and the velocity of the air outside the wall. 

The calculation of the heat flow will be made clearer by a 
specific example. Assume a 9-in. refractory wall heated on the 
hot side to 2200°F. The outside air is 80°F. and not moving. 
The values of k for this particular refractory are given by curve A 
in Fig. 307. The quantity of heat lost from the outside of the 
wall, q rC} is given by Heilman's curve in Fig. 308. We may 
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write from Eq. (1) 

ti — £ n _ 2200 — t n __ 

q - ' Ljr ~ 9/7.: «" 

but as A* varies with (f i — t n )/ 2 and g™- varies with £», the equa- 
tion cannot he solved directly. Therefore, we must assume a 



C iOO 200 300 4-00 500 

Temperature Difference, Surface to Air, deg.Fahr 

Fig. SOS. — Heat transmission from a vertical surface. (. From R. H. Heilman , 
A.S.T.M . Committee C - S on Refractories.) 

mean temperature and an outside temperature. If q and q TC 
were not equal, another and closer assumption of values is made 
until the required precision is reached. Assume t n = 300°F. 
and k = 8.1, then 
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Q 


2200 - 300 
9/8.1 


1710 


q rc = 620 from curve 


The cold face has been taken too low, so 500 will be taken for the 
next trial. 


2200 — 500 
9/8.1 


1720 


q rc — 1530 from curve 


This gives a mean temperature of 1350°F.; hence, a more precise 
value of k from the curve is 8.2. Choosing a lower cold-face 
temperature of 480°F. gives 


2200 — 480 
9/8.2 


= 1570 


q rc = 1590 


which is sufficiently close. 

Computation of Heat Flow in a Compound Wall . — In this case, 
the value of q is the same for each layer of the wall of unit area 
and equal to the heat leaving the cold face. As another example, 
a 9-in. firebrick wall with a 2400°F. hot face is backed up with 
4.5 in. of insulating brick and 2 in. of insulating block. The air 
conditions are the same as before. From Eq. (2) 


2400 - t n _ 

^ (9/&i) + ( 4 . 5 //S 2 ) Hb 2/ks ^ 


As a first trial, assume t n = 280°F. and k 1, k 2, and k 3 as 9.5, 2.0, 
and 0.9, respectively, from Fig. 307. Then 

2400 - 280 _ 2120 _ 

9 (979.5) + (4. 5/2.0) + (2/0.9) 0.95 4- 2.25 + 2.23 rf9U 

Qrc — 545 from curve 

Next assume t n = 245, then 

q — 398 q rc ~ 417 

which is sufficiently close for a first approximation. 

Now from Eq. (3) 

h — « 2 = 398 X 0.95 = 375 

t 2 — t s = 398 X 2.25 = 895 

t 3 — t n = 398 X 2.23 = 890 


^1 tn 


2160 
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The interface temperatures will be 2025 and 1130°F.; the 
mean temperatures of each layer will be 2212, 1577, and 085°F. 
Xow go back to the conductivity curves and select more precise 
values of A\ which will be respectively 9.90, 2.35, and 0.85. The 
heat flow is now worked out again, with t n — 245. 

^ __ 2400 245 

9 (0/9:0) - .4.5 2.35; (2 '0.85) 


2155 

d . 9i~+ XdT +“ 2 T 35 


2155 

ITT- = 417 
o.l / 


which is the same as q n . Xow the temperature drops are recalcu- 
lated : 

h - C = 417 X 0.91 = 379 

fa - f s = 417 X 1.91 = 795 

t n - t u = 417 X 2.35 = 981 

ti - t H = 2155 

The interface temperatures will then be 2021 and 1220°F. 

The mean temperatures will be 2210, 1(523, and (>12°F. Taking 
new values for k and t 7t of 242°F., 


2400 - 242 

(9. 9 9) -M 4.‘5 2.39) + '(2/0'.81) 


2458 

0.91 + 1.88 4-^2747 
2158 


5.26 


= 410 


and q T „ = 410 as closely as can be read. 
The values of temperature drops are 


h - 1 2 = 410 X 0.91 = 373 

fs ~ U = 410 X 1.88 = 772 

t t - t, = 410 X 2.47 = 1013 

h - t n = 2158 


Therefore the interface temperatures are 2027 and 1256°F., 
and the mean temperatures are 2213, 1641, and 627°F. By 
further trial, any degree of precision can be obtained, but the 
fourth trial here is sufficiently exact for ordinary purposes, as 
we do not know the conductivity values very accurately. Com- 
puting walls is a tedious process; but with experience, the initial 
selection of temperature will be fairly close to the final values. 
The heat flow and heat storage in a number of standard wall 
constructions are shown in Table 78. 
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6. Computation of Heat Flow in Cylinders. Through Circular 
Structures. — Although the same general method is used for 
determining heat flow through circular structures, the equation 
for heat flow' through a plane wall cannot be applied to flow 
through a cylinder if an accurate result is desired. The reason 
for this may readily be understood when it is considered that the 
inside circumference of a cylinder is smaller than the outside 
circumference. Consequently, heat spreads out as it travels from 
the inside to the outside, and, conversely, it converges when the 
direction of flow is from the outside towar d the inside. 

Heat flow outward through a cylinder may be calculated by the 
following formulas: 

1. For a wall of one material: 

9 = (l/£ ( inT^ ) /-D^ B.t.u./ (lin.-ft.) (hr.) 

or 

9 = (D„/2/;„) In (DJD) B - t - u -/(sq. ft.) (hr.) 


2. For a composite wall: 

2t r(t - f n ) 

1, D 1 1 D s , 

F t ln U + 5 Dl + 


, 1 , D 

+ lc n 111 5 ,»-, 


B.t.u. din. ft.) (hr.) 


t — U 

D n , Dt D n D, , 
Wt lxi ~D + W, lrv Wt + 


D n . D n 
2 k t „ n D~n Li, 


B.t.u. (sq. ft.) (hr.) 


where q = the quantity of heat, B.t.u. per hr. 
t = the hot-face temperature 
t n = the cold-face or casing temperature 
D — the inside diameter of cylinder, in. 

Di — the outside diameter of inside lining material, in. 

D 2 = the outside diameter of secondary lining material, in. 
Di n _ v — the outside diameter of next to last lining material, in. 
D n = the outside diameter of outside lining material, in. 
ki = the thermal conductivity of inside lining material 
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00 Z ‘ LZ ' I ,'«()() ‘ fZ I 7 , 4 1|00«) * Oslo 1 0 ‘ 



11HK-10 I 24 I 1,0001 39 I 1,4001 56 I 1,8001 71! 2,3001 04i 2,7001 1191 3,200 
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heat Iohh in B.t.u, /(«(], ft.)(hr.) Bused on still-air temperature of SO 3 ! 1 '. 1IH - heat storage capacity in lt.t.u, per mj. ft. 



Fable 78.— Heat L< ikses an n Heat Ht< >ha<je ( 'a pa cities < w Wall Structures under Kquiliii bium ( \ ►nditions. ~(C outimml > 
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Il 3 ,jlv-li5 I 

‘Jlv-20 + 2 , 2 'K-16 

9K-23 + 2 1 *Iv-lG 210! 8,800 
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16 - 10OO°F. IFB 20 - 2000° F. IFB 23 = 2300°F. IFB 26 = 2000°F. IFB 28 - 2800°F. IFB 30 - 3000°F. IFF. 
HL *» heat loss in B.t.u./(s<i. ft.) (hr.) Based on still-air temperature of 80°F, IIS = heat storage capacity in B.t.u. per sq. ft. 
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& 2 — the thermal conductivity of secondary lining material 
k n — the thermal conductivity of outside lining material 
hi, k 2 and k n are expressed in B.t.u. * hr. -1 • ft.~ 2 * in. - deg. F.~ ] 
Interface temperatures between various layers are expressed as 
ti = the temperature at Di, deg. F. 
t» — the temperature at D 2 , deg. F. 

T n n — the temperature at Din- n, deg. F. 

For a case in which the flow of heat is from the outside of the 
cylinder toward the center, D would become the outside or largest 
diameter and D n the inside or smallest diameter. 

The preceding formulas involve the use of natural logarithms. 
If such a table is unavailable or inconvenient to use, common 
logarithms may be substituted and multiplied by 2.303. 

7. Flow of Heat through Furnace Walls under Variable Condi- 
tions. — The temperature distribution in a simple or composite 
wall can be computed approximately for conditions of unsteady 
heat flow mathematically or graphically by the method of 
E. Schmidt. Such calculations require values of diffusivity for 
each material over the whole temperature range and, at best, 
are only approximate. For a discussion of this method, which 
requires too much space to treat here, reference should be made to 
Trinks (50, or Schack. (40a) Composite walls require a very com- 
plicated set of calculations. 

Practically, the problem can be solved quite readily by con- 
structing a small section of the wall as the side or door of a 
furnace. Couples on the faces and between the layers will give 
the temperature distribution accurately. The value of q passing 
out from the wall can be estimated fairly closely from the outside 
temperature. 
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CHAPTER, XVIII 


SIZES AND TOLERANCES 

1. Standard Shapes.— A standard shape is a refractory brick 
other than a straight 9 X 4>£ X 2^-in. size which is generally 
stocked by all refractory manufacturers. *' Although all manufac- 
turers do not agree as to what constitutes a standard shape, 
there are many universally accepted ones that may safely be 
specified in any design work. 






Split Brick 
SxAYzxVM-' 



No.2 Arch 
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Fig. 309. — Standard shapes (9-in. series). 


Standard shapes are used in all types of construction to save 
cutting straight brick, *as illustrated in Chap. XXIV. 

In Figs. 309 and 310 are given the sizes of the generally accepted 
standard firebrick shapes. Of course, many others are stocked 
as standard by individual companies, and these will be treated 
separately as special shapes; 
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The size tolerance on standard shapes and straight brick is 
given by the American Society for Testing Materials as ± 2 per 
cent, which covers both shrinkage and warpage on all dimensions 
over 4 in. On dimensions less than this, a tolerance of 3 per cent 
is specified. A.S.T.M. method C 154-41 is used in measuring. 




Sfa/r.ScjsreB-rsq Ns.'IOZ MilCS Arch Buna No IQSArch Buna No.1Q4 AH;hAnole3unj 

jr*47i>c3' " CT&-\ZV4-,xl'/2xS :Z“a-/2x :;3-2 5 /i'J Bx-WfxCT-Z %“) OI-Vo-lZWJxiZ&CyK^) 

Fig. 310. — Standard shapes of firebrick (larger than 9 in.). 


Warpage is measured by laying a straightedge along a concave 
diagonal and inserting a calibrated wedge under the straightedge 
at the center of the tile. The American Refractories Institute 
recommends that warpage should not exceed 1 per cent of the 
diagonal. C13; 

Silica standard shapes are approximately the same as firebrick 
shapes. Magnesite and chrome refractories can be called stand- 
ard only in the simpler shapes of the 9-in. series.- AThe manufac- 
turer's catalogue should always be consulted, as shapes stocked 
by one company might not be stocked by another. 

2. Special Shapes. Glass-tank Blocks . — Shapes that are used 
only for certain particular types of construction may be obtained 
from stock at times but are not generally available without 
ordering ahead. This class includes glass-tank blocks. Unfor- 
tunately there is little standardization of these blocks, but a few 
of the favorite sizes are listed in Table 79. 
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Table 79 

Common Sizes of Flux Blocks for Continuous Tanks 
12 X IS X 24 in. 12 X 18 X 42 in. 12 X 24 X 36 in. 

12 X 18 X 30 in. 12 X 18 X 48 in. 12 X 24 X 42 in 

12 X 18 X 36 in. 12 X 24 X 30 in. 12 X 24 X 48 in. 

Common Sizes of Flux Blocks for Dav Tanks 
S X 12 X 24 in, 8 X 18 X 24 in. 8 X 24 X 30 in. 

8 X 12 X 30 in. S X 18 X 30 in. 8 X 24 X 36 in. 

8 X 12 X 36 in. 8 X 18 X 36 in. 8 X 24 X 42 in. 

8 X 18 X 42 in. 

Glass-tank blocks, or flux blocks as they are usually termed, are 
generally made with more care than other large shapes. The 
clays are carefully blended and ag£d; the molding is carried out 
in such a way as to give a homogeneous structure; and the faces 
of the block are often ground accurately to dimensions. Besides 
the rectangular blocks, there are many special blocks used in 
tanks, such as the throat blocks. 



F Cupola and Rotary Hi In Blocks 

0 IOmeter No. of Brick 


6*45 
6-54 
C- 60 
6-66 
£-72 
6-76 


Dimensions 
9*x£7i6*x 6'* 
9"x 6 3 /4"x 6V 
9*x 7-x G'x 4“ 
9"x 7 3 /i6"x 6'x 
9”x 73/a.> 6"x 
9"x 7/2" x 6*x 
9"x 7 5 /a .,x 6'X4 
9“x 7432 x 6"x « 
“ x 7 ! ^iG"x 6 "x * 


Jns. Outs toCircte 
30" 42" 

36' 46" 

42" 54" 

43“ 60" 

54" 66 ' 

60 " 72 
66" 78" 

72" 34' 


6-96 

6-102 

6-133 


9"x fl’/re-x 6V4 102'' 114’ 

9"x 6 3 /32"x6'x4" 103' !?0* 



9 * Cupola Blocks 

Dimensions 

9x 5 3 ' / 4 x4’/2'x9" 16' 25“ 

9'x 65,46x4 1/2x9 21* 30" 

9>A^4"x 4/2x9" 27' 36 

9'x65lG'x^ ’ a 

CIV7WV 


Rectangular Regenerator Tile 
18V 6“x3" 

22 , /zx 12x4" 
27" x 9"x3“ 
27"x9"x4“ 


|S“x9x 3" 

1SV9x4" 

18V.12V.4 

22/2x6x3" 

22|/2V9>3" 

ZZ'- Z x3x4' 


27.xl2"x4" 



S“ Rotary Kiln Blocks 


9-43 

9-54 

9-60 


Dimensions 

f 'x6LJ3 2x9x4* 
x6^4"x9"x4" 
9>. 6''l6V9>.4' 
9 x 7V(6"x9 x 4 1 
9x7j'IC"x9'x4" 


60 73 
6Q 34; 
72“ 90 
73 96 


Rectangular 
Bridge Block 
13 72 ”x 6x3' 


24" Circle Brick 
24" Inside Diameter 
12 to a Circle 
(9- ) x. 4/2 x 2'/2" 


36" C-c'e Brick 
36". -s zc B'-a-re: 
:s a C.'c 

(&— ) x4‘/2 x2/Z" 


4c. y . -r: . : a 
(9— )x4^2x21/2" 


50 Circle Brick 
60“ In side Diameter 
25 to a Circle 
(9“— J x4l/2‘x2'/2" 


72 'Circle Brick 
72' '"'aid? 


(9- >-■ ■IV.'/: ■ 


84"Ci rce 
64";"S ae 

o2 ro a 

(9-- 


Brick 


Fig. 311. — Shapes and sizes of radial blocks. 


Cupola and Rotary-kiln Blocks . — These blocks are segments 
of a ring and are used to form a cylindrical lining. The common 
sizes are given in Fig. 311. -Many manufacturers carry the k se 
blocks as standard shapes.- 

- Cupola blocks are generally made of a dense fireclay, but 
rotary-kiln blocks are usually made of a high-alumina clay or 
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magnesite, as these materials seem to resist the slag action well 
and hold a good coating of clinker. 

Tile . — Rectangular tile of fireclay may usually be obtained in 
the sizes shown in Table 80. 


Table SO. 
2 X 9 X 12 in. 

2 X 12 X 12 in. 

2 X 12 X 15 in. 

2 X 12 X 18 in. 

2 X 12 X 24 in. 


■Common sizes of r 
3 X OX 18 in. 

3 X 6 X 22 1 2 in- 
3 X 9 X 18 in. 

3 X 12 X 12 in. 


EC LAX X ILL 

4 X 9 X IS ill. 

4 X 9 X 22 1 2 ' in 
4 X 9 X 27 in. 

4 X 12 X 18 in. 

4 X 12 X 22 y 2 in 
4 X 12 X 27 in. 

4 X 12 X 36 in. 


6 X 12 X 36 in. 
6 X 12 X 42 in. 
0 X 12 X 48 in. 
0 X 18 X 36 in. 
6 X IS X 42 in. 
0 X IS X 48 in. 
0 X 24 X 42 in. 
0 X 24 X 48 in. 


S X IS X 42 in. 
S X IS X 48 in. 
S X 18 X 54 in. 
S X 24 X 42 in. 
8 X 24 X 48 in. 
S X 24 X 54 in. 


Checker Brick . — These generally are available in the following 
size: 

10T> X 4^2 X 4i 2 ' in- 

Malleable Furnace Shapes. — Certain shapes are made especially 
for malleable-iron furnaces. They include 

Bung arch, 9 X X (2}-£ to 2? s ) in. 

13 1 2 X 4H X (3 to 2%) in. 

13 1 4 X 4M X (3 to 27"s) in. 

Square bung, 137-2 X 4J-^ X 3 in. 

Angle bung, <1342 to 12 7-g) X 4 X 2 X 3 in. 

Tap-out block, 9 X 7H X 7b' in. 

^ Lime-kiln Brick. — Some special lime-kiln brick are made by a 
few manufacturers, usually of silica or high-alumina material.* 

Hot-blast Stove Checker Brick. — A number of stove-brick shapes 
are made for particular types of structure. They are stocked by 
several manufacturers. 

Coke-oven Shapes: — Shapes for making up rectangular and bee- 
hive ovens are more or less standardized by a number of manu- 
facturers. Shapes for by-product ovens are also stocked, but the 
number of shapes is so large that they cannot well be listed here. 
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Blocks for Suspended Arches . — There are a number of patented 
const motions for suspended arches requiring rather complicated 
blocks. One type of arch block is shown in Fig. 312. More 
details are given in Chap. XXIV. 

Boiler Shapes. — There are a number of shapes used in sta- 
tionary and locomotive boilers that are stocked by some 
m anuf act u rers . 

Other Special Shapes. — In addition to these, many special 
shapes are made for a particular installation, such as burner tile, 
impeller disks, hollow blocks, and feed-hole bricks. A special 
shape is shown in Fig. 313. 

/ The Design of Special Shapes . — When designing a new furnace, 
it is often necessary to have special shapes made up. It should 
be remembered that special shapes, particularly when in small 
quantities, are relatively expensive and should be used only 
where they are necessary. A special shape should be made as 
simple as possible because complications increase the mold cost 
and do not permit as careful molding. Undercutting or thin 
projections should be avoided. It is also undesirable to specify 
thin slabs or bars because the loss by warping is apt to be large. 
In general, the shape should be as compact as possible and not 
exceed 24 in. in length. However, shapes can be made 48 in. 
Hong if necessary. A small shape generally has a better structure 
than a large one and is burned more evenly. Therefore the size 
jFbf shapes should always be kept as small as practical/ In design- 
ing special shapes to be used in conjunction with straight brick a 
good rule to follow is to make the vertical dimensions a multiple 
of 2 in. and the horizontal a multiple of 4^6 in. (the thickness 
and width of a straight brick plus one joint). 

3. Kiln Furniture. — A considerable volume of refractories is 
used as kiln furniture, i.e ., supports and containers for ceramic 
ware while it is being fired. As the furniture must be heated and 
cooled with the ware, it is desirable to keep its mass down to a 
minimum in order to permit a more rapid heating and cooling 
cycle and increase the kiln efficiency. Because of the frequent 
temperature changes, the furniture must be able to resist spalling 
fairly well ; and in many cases, it must be able to support a heavy 
load at high temperatures. / 

Saggers. — Saggers are refractory boxes for holding white ware. 
They serve partly as a support and partly as muffles to protect 
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the ware from the kiln gases. The saggers are generally piled 
one on top of the other in bungs as shown in Fig. 314. A wadding 
of soft clay is placed between the saggers to make a tight joint. 
The ware is supported in the saggers in a variety of ways which 

we need not consider here. 

Saggers are made in a 
number of shapes and sizes, 
a few of which are shown in 
Fig. 315. However, there is 
no generally accepted stand- 
ard. The wall thickness 
varies between an d J* in. 
with an average of about 
9'8 in* The composition 
varies, but generallv consists 

oo 

co 

Fig. 314. — Saggers piled in bungs. "Fig. 315. — Common shapes of 

saggers. 

of a grog (usually crushed saggers with the fines removed), a 
plastic clay to give strength, and a fire-clay to prevent too much 
vitrification. A good body should have a low coefficient of 
thermal expansion and an elastic structure, as explained in Chap. 
XIV. 

* The average life of a sagger is often no more than 25 burns. 
This short life is due to a poor body, nonhomogeneous molding, 
rough handling and, perhaps most important, lack of thorough 
preburning. ’ As the sagger expense in the whiteware industry 
is a large item, a really superior vsagger would be well worth while. 
Many manufacturers have experimented to some extent on sag- 
gers, and the U.S. Bureau of Standards has carried on a considera- 
ble investigation of this subject. 
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Another trouble with saggers is the separation of particles from 
the interior of the sagger, which may fall on the glazed ware and 
form serious defects. A sagger therefore must have a firm, 
smooth surface, and it is the usual practice to paint over the inside 
of the sagger with a wash of some low-vitrifying compound to 
form a sort of glaze. 
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Fig. 310. — Setting tile where ware needs no protection from the atmosphere. 


Saggers are made in a number of ways. Formerly they were 
ail made by hand on a wooden form. This method requires 
considerable labor, but it was traditionally believed that first- 
class saggers could be made onl}- by this method. Recently 
they have been made on a machine press, of which there are many 
kinds. Some excellent saggers are now made by casting a slip 
into a plaster mold. 

Other materials have been used for saggers, such as silicon car- 
bide, mullite, and zircon, but as yet they have not shown enough 
superiority over fireclay to warrant their increased cost.' 

Slabs and Posts . — In many cases, ware does not have to be pro- 
tected from the kiln gases, so that supports as shown in Fig. 31(5 
can be used. Generally the slabs are made of fireclay, fused 
alumina, or silicon carbide from % to 2 } 4 in. thick, depending 
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on the size and load. Important advances have been made in 
open-setting kiln furniture in the last few years. Common sizes 
of setting slabs are given in Table 81. 

Table 81. — Refractory Slabs fob Open-kiln Setting 

Inches 
/24 X 36 X 1 H 
\ 24 X 36 X 2'i 

Sanitary ware for straight T.K < 32 X 25 X 13d 

/ 17 X 25 X 1 H 
V 18 X 24 X % 

General ware and electrical por- j25}d X 21^ X 1 
.celain for straight T.K. I 2014 X 22 X J4 

32 X 16 po X l&H X 1 
32 X 16 Id X 1S J 2 X H 
28 X 16 Id X 1832' X M 
28 X 16 x d X 18 V X H 
32 X 16 T d X 18bj X 3 i 
32 X 1632' X 18} 2 X 3d 

4. Muffles. — Muffles are generally used for enameled ware and 
for other articles when it is desired to keep them free from the 
furnace gases. Large muffles 
are constructed of sections of 
thin tile as shown in Fig. 317. 

The thickness is kept as low as 
possible, from 3 4 to 1 Jdt in., in 
order to obtain the maximum 
rate of heat transfer. Some- 
times each tile has its center 
recessed to an even thinner 
wall. The materials used for 
the muffle are fireclav, fused „ 0 ,„ 

Liu. <31/. — -A large muffle. 

alumina, and silicon carbide. 

The high conductivity of the last two materials is of great advan- 
tage in this construction. 

Small muffles are used in many laboratory types of furnace. 
Fireclay, f used-alumifia, and silicon carbide types can be obtained 
in many sizes. Small muffles of fused silica are available but 
cannot be used at high temperatures \S A few of the common 
sizes of fireclay muffles are listed in Table 82. 

5. Retorts. — Fireclay retorts for gas manufacture are from 7 to 
10 ft. long and about 18 in. wide. The wall thickness is 2Jx> to 
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3 in. in order to withstand the load. Since carbon closes up the 
pores when it is in use, the structure need not be dense but should 
be able to resist spalling. 


Table 82. — Common Sizes of Fireclay Muffles 


Length, in. 

Width 

Height 

7 

3 

2K 

8 

4M 

3 

10 3 i 

5K 

3 H 

12 

6 

4 

12 

8 

5 

15 

9 

5 K 

16 

10 

5 % 

IS 

12 H 

7H 

19 

io }4 

QH 


The body is usually made of about equal parts of plastic clay 
and grog. As in the case of saggers, the fine particles of the grog 
are removed. The retorts are usually hand-molded on to a form, 
but pressed retorts have been used. The finished retorts are 


Table 83. — Common Sizes of Clay Crucibles 


Size 

Height, inches 

Diameter at top, 
inches 

G 

oH 

3M 

H 

5 14 

3M 

I 

6 

4 

J 

6*6 

4H 

K 

7 H 

4 M 

L ; 

8 

5H 

M 

8U 

5M 

X 1 

9, 3 s 

6M 

o S 

10 

7 

p i 

11 

7M 

Q I 

12 

8K 

R 1 

13 

9% 


burned in a vertical position in a firebrick kiln, and sometimes 
they are glazed. The more modern continuous retorts are verti- 
cal with a height of 40 to 50 ft."- They are made up from silica 
shapes as shown in Fig. 318. A strong, dense structure is desired 
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to prevent the lining from coming off as a result of carbon 
deposited in the pores. 



Fig. 318. — Silica retorts for gas production. ( Courtesy of Harbison- Walker 
Refractories Company.) 

6. Crucibles. — Crucibles are made of a great variety of refrac- 
tory materials and in many shapes and sizes. It is, of course, 
impossible to list all of them here, but a few common sizes will be 
described:- 

Clay Crucibles . — Clay crucibles are made from fireclay and 
grog. The small ones are pressed, and the large ones made on a 
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jigger or flower-pot machine. The clay crucibles are generally 
used in small sizes for assaying, roasting, and low-temperature 
melting. Common shapes are shown in Fig. 319. 


Fig. 319. — Common shape for clay crucibles. ( Courtesy of Denver Fire Clay 

Company .) 


Fig. 320. — Shapes of graphite crucibles. ( Courtesy of Joseph Dixotz Crucible 

Company.) 

The usual sizes of this clay crucible (Denver Fire Clay Com- 
pany) are shown in Table 83. 

Graphite Crucibles . — Graphite crucibles are extensively used 
for metal melting. The graphite increases the thermal con- 
ductivity and gives a strong body at high temperatures. These 
crucibles are made of a mixture of plastic fireclay and flake 
graphite. The amount of graphite varies between 6 and 50 per 
cent. The clay and graphite are thoroughly mixed in a wet pan 
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or pug mill and aged. The crucibles are formed on a jigger in 
the same manner as fireclay crucibles. The shape found most 
suitable for this type of crucible is shown in Fig. 320. A large 
number of standard sizes are available as given in Table 84 
( Dixon) . 


Table 84. — Common Sizes of Graphite Crucibles 


Number (Dixon) 

Outside 
diameter, in. 

Outside 
height, in. 

0 

IVz 

2 

00 

lj-s 

2M 

000 

IVs 

2M 

0000 

2 % 

3 

1 

3X 

m 

2 

m 

4M ‘ 

3 

414 

oH 

4 

4? s 

5% 

5 

4X 

6 

6 

5H 

GH 

7 

51a 

G% 

8 

OH 

7 H 

10 

6 

8 

14 

m 

84a 

18 

m ■ 

9H 

20 

74 

10 H 


up to 

up to 

400 

19iHc 

24-16 


7. Glass Pots. — Glass pots are made of a suitable mixture of 
clays and grog. Before the First World War, most of the 
American manufacturers imported their glass-pot clays. Since 
then, domestic clays have been used successfully in nearly all 
cases. As a result mainly of the work of the U.S. Bureau of 
Standards the old hand-molded pots have been largely superseded 
by cast pots. 

Apparently there are no generally accepted standards of size for 
pots, but covered pots are often 45 X 58 X 52 in. or 46 X 60 X 52 
in. in width, length, and height, respectively. A typical covered 
pot is shown in Fig. 321. 

8. Refractory Porcelain. — Refractory porcelain is used mainly 
for laboratory ware, spark plugs, and pyrometer protection tubes. 
It must have a high softening point, a dense structure, and a 
resistance as high as possible to spalling, y/ 
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The high-mullite porcelains, sometimes made from calcined 
sillimanite or kyanite, undoubtedly give the best results from 
the point of view of strength at high temperatures and resistance 



Length 



Fig. 321. — Covered glass melting pot. ( Courtesy of Findlay Clay Products 

Company. ) 

to temperature changes. However, they require high firing, 
preferably up to 1(>50°C. (3000°F.). 


Table 85. — Common 1 Sizes of Refractory Porcelain Tubing 


Type 

Outside 

diameter, 

in. 

Hole 

diameter, 

in. 

Length, 

in. 



Hi 

1-18 

Insulating tubing, 2-hole . 

H 

Ha 

1-48 



Ha 

1-60 



He 

1-12 

Insulating tubing, 1-hole. 


Me 

1-18 



H 

1-48 

Insulating tubing, 4-hoie. . . . 

]:*> 

( T 6 ! 

Ha 

Me 

1-36 

1-48 

Protection tubes, closed end. 

5M 

H 

Me 

6-18 

6-48 


Little need be said about the forming and burning of refractory 
porcelain, as the procedure differs slightly from ordinary white- 
ware manufacture. The casting process is generally preferred 
for thin- walled objects. To prevent warping, tubes are hung 
from their upper ends while being burned. 
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It is necessary to glaze some high-temperature porcelains to 
prevent passage of gases. Perhaps the most complete study of 
high-temperature glazes is that by Sortwell.< 3 > 

Refractory porcelain can be obtained in a large variety of 
sizes, glazed or unglazed. In Table 85 are shown some common 
<izes. Lengths up to 6 ft. can usually be obtained. 
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CHAPTER XIX 


MISCELLANEOUS PROPERTIES OF REFRACTORIES 

A number of the less important properties of refractories and 
methods of test,, which have not been included in the preceding 
chapters, are assembled here. 

1. Measurement of Particle Size. Screen Analysis . — The 
determination of the particle-size distribution in a granular 
material is of considerable importance in ceramic work. For 
materials coarser than 150 to 300 mesh, screens are used to 
separate the material into any desired number of grades; but 
for the finer materials, air- or water-separation methods are most 
satisfactory. 

The United States standard series of sieves is based upon a 
1-ram. opening, the larger and smaller screens varying as y/2, or 
1.414. The characteristics of this series of screens are given in 
Table SO on page 585. 

The Tyler screens are more commonly used. They have as a 
basis a 200-mesh screen with an opening of 0.0029 in., and the 
sizes of opening also vary as the y/2. The intermediate sizes 
are available to give closer spacing.- In Table 87 on page 58(> 
are given the characteristics of this series. 

A sample to be screened should be completely dry, and the 
lumps broken up. It can then be passed through any required 
number of screens in series. Care must be taken, however, to 
shake the screens long enough to pass all undersized material 
through. A convenient piece of apparatus for making screen 
analyses is shown in Fig. 322. “ In some cases, wet screening is 
used, for example, to separate clay from grog. A 

A convenient method to make an analysis is to weigh out a 
sample of, say, 100 g. In obtaining this sample, the greatest care 
is necessary to ensure that it is representative. The sample is 
then passed through the desired screens, and the amount remain- 
ing on each screen is weighed. This weight in grams will give 

584 
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the percentage directly. A typical analysis is shown in Table 88 
on page 587. 


Table 86. — United States Standard Sieve Series 


Meshes per 
lineal inch 

Sieve 

number 

Sieve open- 
ing, inches 

Sieve 

opening, 

millimeters 

[ Wire 

diameter, 
inches 

Wire 

diameter, 

millimeters 

2.58 

2M 

0.315 

.8.00 

0.073 

1.85 

3.03 

3 

0.265 

6.73 

0.065 

1 . 65 

3.57 

3}4 

0.223 

5.66 

0.057 

1.45 

4 .22 

4 

0.187 

4.76 

0.050 

1.27 

4.98 

5 

0.157 

4.00 

0.044 

1.12 

5.81 

6 

0.132 

3.36 

0.040 

1.02 

6.80 

7 

0.111 

2.83 

0.036 

0.92 

7.89 

8 

0.0937 

2.38 

0.0331 

0.84 

9.21 

10 

0 . 0787 

2.00 

0.0299 

0.76 

10.72 

12 

0.0661 

1.68 

0.0272 

0.69 

12.58 

14 

0 . 0555 

1.41 

0 . 0240 

0.61 

14.66 

16 

0 . 0469 

1.19 

0.0213 

0.54 

17.15 

18 

0 . 0394 

1.00 

0.0189 

0.48 

20.16 

20 

0.0331 

0.84 

0.0165 

0.42 

23.47 

25 

0 . 0280 

0.71 

0.0146 ; 

0.37 

27.62 

30 

0.0232 

0.59 

0.0130 i 

0.33 

32.15 

35 

0.0197 

0.50 

0.0114 ; 

0.29 

38.02 

40 

0.0165 

0.42 

0.0098 

0.25 

44.44 

45 

0.0138 

0.35 

0 . 0087 | 

0.22 

52.36 

50 

0.0117 

0.297 

0 . 0074 j 

0.188 

61.93 

60 

0 . 0098 

0.250 

0 . 0064 ! 

0.162 

72.46 

70 

0 . 0083 

0.210 

0 . 0055 | 

0.140 

85 . 47 

80 

0 . 0070 

0.177 

0 . 0047 i 

0.119 

101.01 

100 

0 . 0059 

0.149 

0.0040 ! 

0.102 

120. 4S 

120 

0 . 0049 

0 . 125 

0 . 0034 

0 . 086 

142.86 

140 

0 . 0041 

0.105 

0.0029 

0.074 

166.67 

170 

0.0035 

0.088 

0 . 0025 

0.063 

200 . 00 

200 

0 . 0029 

0.074 

0.0021 

0 . 053 

238.10 

230 

0 . 0024 

0.062 

0.0018 

0.046 

270 . 26 

270 

0.0021 

0.053 

0.0016 

0.041 

323 . 00 

325 

0.0017 

0.044 

0.0014 

0.036 


* There are a number of methods of plotting the results of a 
screen analysis. The fraction of each particular size of particle 
may he plotted on a frequency curve, as in Fig. 323, or the 
cumulative percentage may be plotted on logarithmic paper as 
is often done when using the Tyler screens (Fig. 324). Many 
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diameter D will fall at a velocity V in a liquid of viscosity 97 
when the density of the particle is Si and of the liquid S 2} the 
diameter is found by 


D = 


18*7 F 

/'(£i - s* )g 


in c.g.s. units. 

It might be thought that the irregular or platelike particles 
would settle at a different rate from equivalent spheres; but with 
the exception of extreme plates such as are found in mica, Stokes 7 
law is found to hold dow r n to h diameter and probably lower. 
The work of Wadell (19) and Norton and Speil (20) confirm this. 

One of the most important factors in this measurement is the 
complete dispersion of the particles in water. If they are floc- 
culated to an} 7 " extent, the results wall be greatly in error. In 
the case of clays, considerable agitation is needed to break up 
clumps in addition to a defloceulating agent such as silicate of 
soda, sodium pyrophosphate, sodium carbonate, or Daxad. 
The state of dispersion should be checked with the microscope 
before the settling test.’ 

When the particles are below- Iju in diameter, the settling rate 
becomes so slow that it must be accelerated by centrifugal force. 
As most of the particles in a clay are within this region, a special 
centrifuge (Fig. 325) has been developed recently for measure- 
ments dow-n to 0.0 5 /a. The amounts of suspended material at an} r 
one time is determined by the specific gravity of the suspension as 
measured b 3 r a special hydrometer bulb. The pipette method * 2 
of drawing off a small volume of suspension and drying down to 
find the suspended matter is slightly more precise than the 
hydrometer but more time consuming. 

The standard test method used in the Ceramic Laboratory at 
the Massachusetts Institute of Technology is given below- as 
taken from the Journal of the American Ceramic Society I 2 ® 1 


A 13-g. sample of the clay is shaken in 300 cc. of distilled water to 
which have been added 0.13 g. (1 per cent) of Daxad No. 23 (Dewey & 
Almy Chemical Co.) . This is put through a hand homogenizer (Central 
Scientific Co., No. 70180), and transferred to a quart fruit jar. The jar 
is attached to a ball-mill frame and tumbled end over end at 60 r.p.m. 
for 0 days. 

The sample is then transferred to the glass container, used in the 
centrifuge, and diluted to qxactly 650 cc. A 1,000-ce. graduate is filled 
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with a solution of 0.2-g. Daxad Xo. 23 in 1,000 ec. of distilled water to 
be used as a standard in checking the hydrometer. Just before starting 
a run, the sample is shaken end over end to form a homogeneous suspen- 
sion; sheet rubber is tied over the top to prevent spilling. The time is 
taken from the instant the container is placed in the metal basket of the 
centrifuge. After l > min., the hydrometer bulb is carefully inserted 
into the suspension, and the specific gravity is read at the top of the 
meniscus exactly 1 inin. from the start of the test. The bulb is first 



immersed slightly deeper than the equilibrium position to assure a good 
meniscus. About 20 sec. is allowed for the insertion or removal of the 
hydrometer to prevent eddy currents. The stem of the bulb must 
always be kept clean to obtain a good meniscus. 

Two different samples are run concurrently in the present centrifuge; 
the second is started 12 min. after the first sample to prevent any neces- 
sity of hurrying the early readings. After the first 10 min. of the test, 
every specific gravity reading in the suspension is accompanied by a 
corresponding rea< ling taken in the standard solution also at the top of 
the meniscus. The temperatures of these two are adjusted to be equal 
within 0.3°C. at the start of the test, and they are kept equal through- 
out the run. In this way, temperature corrections for the hydrometer 
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:tre eliminated, because the value sought is the difference in specific 
gravity between the two and not the actual value of the specific gravity 
T.f the suspension. Temperature readings, precise to within ±0.2°C., 
tiT e taken in each container for every test point, and the temperature is 
kept as constant as possible during a run. The hydrometer, when not 
in actual use, is wiped off and placed in the graduate containing the clear 
Daxad solution. The times at which the specific gravity should be 
read were determined arbitrarily to divide the region between 50 and 
LU/z into 20 approximately equal divisions when the data are plotted on 
>ernil o gari t h mi c paper. Table 89 gives these time intervals, speed oi 

Table 89 


Time 

interval 

Speed, 

r.p.m. 

Total equivalent 
time of* gravity 
settling 

Minutes: 


Minutes: 

1 

Stationary 

1 

2 

Stationary 

3 

2 

Stationary 

5 

5 

Stationary 

10 

10 

Stationary 

20 

10 

Stationary 

30 

30 

Stationary 

60 

Hours : 


Hours : 

1 

Stationary 

2 

1.5 

Stationary 

3.5 

2.5 

Stationary 

6 

Minutes: 



30 

125 

10.3 

15 

200 

15.8 

. 30 

200 

27 

30 

300 

52 

30 

400 

95 

30 

500 

164 

30 

550 

247 

Hours: 



1.25 

600 

493 

1.75 

600 

835 

3 

600 

1,420 

3.5 

600 

2,110 

4 . 5 

600 

2 , 9S0 

8 

600 

4,550 


rotation, and the total elapsed time of equivalent gravity settling, based 
jpn an effective centrifuge radius of ‘49 centimeters. 
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In using the centrifuge, the elapsed time was taken between starting 
the centrifuge and shutting off the current to the motor. The accelera- 
tion and deceleration were rapid enough so that this approximate 
procedure was justified. The starting and stopping, however, must not 
be so sudden as to cause swirling of the suspension. In the tests carried 
out, the first day’s run extended through 493 hr. so that any short 
interval of gravity settling after that time was practically negligible. 

To change the data obtained from the sedimentation run into a dis- 
tribution curve, the particle ' size or equivalent spherical diameter 
corresponding to each reading must be determined, as well as the 
percentage of material finer than this size. Using Stokes’ law, the size 
which has settled to the center of the hydrometer bulb is easily obtained 
from the Casagrande nomographic chart.* It is necessary to calibrate 
only the distance-settled scale of the chart against the specific-gravity 
scale of the particular hydrometer used. Directions for this and also 
a key to the chart are given on the chart itself. 

In using this distance-settled scale, a small meniscus correction (about 
0.0003) must be added to the hydrometer reading, inasmuch as the 
actual distance settled is from the surface of the suspension (not the 
top of the meniscus) to the center of volume of the bulb. The value 
used on the temperature scale of the chart, which corrects for the tem- 
perature effect on the viscosit}' of water, should be the average over the 
test period up to the time of that reading. 

Tor effective settling periods of more than 50 hr., better accuracy can 
be obtained with the chart by taking advantage of the fact that the size 
is given by the equation 

D = Tdr /2 

where D = the diameter 
t = the time 

Thus the equivalent time is divided by a factor of 100 and, using this 
new time value, the size obtained from the chart is divided by ten to 
give the correct value. The reason for this step is to avoid large slopes 
between corresponding points on adjacent scales, a condition which 
decreases the accuracy of values obtained from the chart. 

To determine the percentage of material finer than any given size, 
the following equation is used: 

W per cent = X (R — d) X 10 s 

* These charts may be obtained from Julius Springer in Berlin, or from the 
Soil Mechanics Laboratory, Massachusetts Institute of Technology, Cam- 
bridge, Mass. 
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where S = the specific gravity of suspended material. 

C = the concentration of suspended matter, g. per 1. 
r - d = the difference in specific gravity between suspension and 
corresponding standard reading at same temperature 
The specific gravity of the clay can be obtained in a pycnometer bottle 
but runs close to 2.58 for kaolinite types of clays. To make this method 
clearer, an actual example is worked out in Table 90. 



Equivalent Spherical Diameter in Microns (D) 

Fig. 326. — Size distribution for a typical clay plotted with linear coordinates. 

(I. Am. Ceram. Soc.) 

The graphical representation of the results of a size analysis is gen- 
erally carried out by plotting the weight per cent, W, finer than a given 
size as ordinates against that size, D, as abscissas. This method is 
shown in curve P of Fig. 326. A better picture of the distribution, how- 
ever, can be obtained by plotting the function d W/dD against D as in 
curve M. This curve represents the slope of P and the area under it 
between any sizes JDi and Do will be 

f ydx = JT % dD - fZ? dW - - Wr ” 

Therefore the weight of particles between D x and D 2 in Fig. 326 is equal 
to 


Total weight of sample X 


area between D i and X) 2 
total area under M 


fror example, the line at 50 per cent W cuts the P curve at 2.3ju, through 
which a vertical line divides the area under M into two equal parts. 
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The distribution curve in Fig. 326 brings out strikingly the fact that 
days have a large proportion of the particles in a very narrow range of 
sizes. The curve, however, is so crowded into the fine end that little 
precision is possible in reading the plot in this range. For this reason, 
it has been found better to plot the same data on semilog paper as in 
Fig. 327. Here the characteristics of the distribution in the fine fractions 
are brought out clearly, but the areas under the distribution curve have 
to be corrected for the scale, if they are used quantitatively. As in 
Fig. 326, the line passing through 50 per cent of W cuts the P curve at 



Fig. 327. — Size distribution for a typical clay plotted on semilogaritlunic paper. 

( J. Am. Ceram. Soc.) 

2.3 ju, and divides the plotted area under JM into two equal parts. The 
actual area on the diagram, however, is quite different on the two sides 
of the line. The experimental points on the P curve show the con- 
sistency of the observations. 

Other Methods . — Elutriation with either water or air as a 
medium may be used for the measurement of particle size, but 
this method is more useful for producing definite size fractions. 

The microscope allows direct measurement of the particle sizes 
with a calibrated eyepiece. The lower limit, however, is about 
E, but certain problems can well be handled by this method.- 

For finer sizes, the newly developed electron microscope gives 
us the only direct means of particle size measurement down to less 
than 0.lAc/(see Fig. 40, Chap. V). 

‘^Tbe X-ray diffraction pattern allows the calculation of particle 
sizes from 0.05/z and less by the line broadening that occurs with 
small particles. This method may also be used to measure the 
size - of crystals in a lump of refractory ... 
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A number of other methods have been used but are of minor 
importance in ceramics. 

Interpretation of Particle Size . — The mean diameter of a single 
particle is clear when considering a sphere or cube where the diam- 
eter or edge respectively are definite measures. In the case of a 
parallelepiped with sides a, b, and c, we can express four mean 
diameters as follows: 


dm 

dm 

dm 

dm 


a -f- b “f~ c 

3~ 


4 


2 ab -f- 2 ac + 2 be 
6 


■V a bc 

Zab c 

ab + ac + be 


(Statistical) 

(Side of a cube of equal area) 

(Side of a cube of equal volume) 
(Harmonic mean relating surface to 
volume) 


For platelike particles the various dm’s vary a great deal, so the 
type of mean diameter should always be specified. The spherical 
mean diameter is usually taken as the diameter of a sphere settling 
at the same rate as the given particle. 

When considering an evenly graded series of particles, the 
following mean diameters for the series may be written 


d m s 

dmr 


d 


ma 


d 


mv 


Znd 


1 d\ 


dl 


2 di - d* 


-2< d ‘ 


df) (Statistical mean) 


Und' 1 _ 2 dl — d\ 

2nd 3 dl — d\ 

2nd 3 = 3 d j - dj 

2nd- 4 d\ — dl 

2nd 4 = 4 d l - d\ 

2nd 3 5 d\ — dl 


(Length mean) 
(Area mean) 
(Volume mean) 


where n = the total number of particles 

d i — the smallest diameter in the series 
d 2 = the largest diameter in the series 
The so-called “ Alellor mean” is often used 


dm 


4 


(d i A df){d\ + d\) 
4 


but does not seem to be based on any experimental evidence. 
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To illustrate the use of the various mean diameters, the follow- 
ing example based on an actual microscopic count by Perrott cs) 
on an evenly graded series of particles is given in Table 91 below. 


Fraction diameter, mi- 
crons 


Ko. of particles 

Percentage of total 
based on: 

Yl 

dumber— 

„ , nd 

Un & h 

nd 2 

Area 

TT , nd 3 

Volume 2^35 


Table 91 


60 

50 

40 

30 

20 

10 

6 

2 

87 

100 

156 

660 

1,750 

6,200 

25,600 

155,000 

0.05 

0.05 

0.1 

0.3 

0.9 

3.3 

13.5 

81.8 

0.9 

0.9 

1.1 

1 3.5 

6.1 

j 10.9 

22.4 

54.3 

7.8 

6.3 

6.3 

14.9 

17.6 

15.5 

16.1 

15.6 

22.5 

14.9 

11.9 

21.3 

16.7 

7.4 

3.8 

1.5 


Calculating the mean diameter for the whole series gives 


= 2 (i 


2 


n 

( n d 

\ 'End 
= / nd 2 _ 

I \2nd 2 
nd 3 
nd 3 


A = 2nd = 

/ 2n ~ 

)-i 


3.0m 


• d 


• d 


"2 nd* 

nd 


— 7 . 0 fi 


A _ Xnd* _ 
/ I2nd* 


21 .OyU 




2nd 4 

2nd 3 


36.4/x 


The physical significance of these values can be visualized by 
assuming that all the particles in the sample were laid out in a 
line, each particle touching the next and each being smaller than 
the one preceding it. If the particle in this line was selected that 
had equal numbers of particles above and below it, its diameter 
would be 3.0m- On the other hand, if a particle were selected 
exactly in the center of the line, it would have a diameter of 
7.0 m. A particle selected so that the total area or volume of all 
the particles above or below it were equal would have a diameter 
respectively of 21.0 and 36.4m- This brings out the fact that a 
mean particle size has no significance unless the type of mean is 
specified. 
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2. Structure. — The maerostructure of refractories is of impor- 
tance because a homogeneous material is seldom encountered. 
The size and shape of the pores, the shape of the grog particles, 
and the extent of the bonding are of interest. By a study of the 
structure, the manufacturing methods ma 3 r be improved to pro- 
duce a better product. 



Fig. 328. — Structure of a kaolin refractory. The surface of this refractory was 
ground to a rough surface and then the pores were filled with sealing wax. The 
surface was then given a finer polish. 

' A cross section of a brick can be ground to a flat surface on a 
cast-iron wheel with coarse carborundum and water. The brick 
is then dried and heated enough to flow red sealing wax over the 
surface and into the pores. This surface can now be polished 
with a fine abrasive. The contrast between the light refractory 
and the dark sealing wax should bring out the structure ver} r 
clearly. The structure of a kaolin brick prepared in this way is 
shown in Fig. 328. 
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/' 3. Permeability. Importance in Refractories. — The flow of 
gases through refractory walls is important in many furnaces, 
especially where large pressure differences exist, as in recirculating 
types. Also the permeability of such parts as thermocouple 
tubes, muffles, and recuperators is of interest in efficient design. 

Permeability is also of value as a check on the manufacture, 
as laminations, voids, and soft spots are shown up in the permea- 
bility test. In the case of heat insulators, this property is useful 
in indicating the extent of interconnecting pores. * 

Measurement of Permeability . — Absolute permeability is the 
property of the refractory and does not in any way depend on 
the fluid. It may be expressed as 

. Q ,^l l 

v A (Pi -Pd ' i 

where \ = the absolute permeability 

7j = the viscosity of the fluid, poises 

Q — the volume of gas flowing at mean pressure (P x + P 2 ) /2, 
cc. 

A = the area, sq. cm. 

I = the length of path, cm. 

Pi — the exit pressure, dynes per sq. cm. 

P 2 — the entrance pressure, dynes per sq. cm. 
t = the time, sec. 

The dimensions of this equation are Z/ 2 = area. However, our 
usual measurements of permeability are with a particular fluid 
such as air at room temperature, so that the measured permea- 
bility k is expressed by 

Volume pf gas X leng th of path 
Area X time X pressure difference 

which has the dimension 

L 2 area s 

ML~ X T~ Y viscosity 

k is usually expressed as cc. * cm. • sq. cm." 1 * sec. -1 • cm. of 
water or as cu. ft. * in. - sq. ft.” 1 * min.” 1 • in. of water pressure -1 . 

/ Permeability can be measured on small cylindrical or cubical 
specimens, but a more representative value is obtained on a whole 
brick with air passing through as it docs in the wall. Permea- 
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bility tests of whole wall sections give data in regard to the joints 
and bricks together- but little work has been reported along these 
lines. 

A precise and convenient apparatus for the measurement of 
permeability is shown in Fig. 329 as developed in the Ceramic 
Laboratory of the Massachusetts Institute of Technology. The 



specimen 1 is cemented tightly into the holder with beeswax. 
Air is drawn through the drying tow^er 2 and the specimen by the 
suction of the gasometer 6 filled with oil 11 and counterweight 4 
using a beam pivoted at 10. The latter is calibrated so that as 
it moves through a definite distance by the pointer 7 which can 
be timed with a stop watch to pull a known volume of air through 
the specimen. The balance weight 8 compensates for the buoy- 
ancy of the gasometer cylinder. The difference in pressure 
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between the two sides of the specimen is measured by the alcohol 
manometer 3 with its reservoir 5. The method of testing will be 
made clear by Table 92 for a typical run. 

Table 92 

Run No.. 


Weight on end of beam, g. 
Mercury below atmos- 

200 

200 

400 

400 

1,000 

,000 

pheric pressure, mm. . . 
Atmospheric pressure, 

0.85 

0.85 

1.70 

1.70 

4.24 

4.24 

mm. mercury. 

Pressure in. gasometer, 

757 . 40 

757 . 40 

757 . 40 

757.40 

757 . 40 

757 . 40 

mm. mercury 

756.55 

756 . 55 

755.70 

755.70 

753. 16 

753.16 

Temperature, °C 

V (from chart), volume 
of air at standard 
conditions passed 

29.0 

29.1 

28.4 

28.3 

28.0 

28. 1 

through specimen, cc . . 
Po, zero reading of ma- 

,604 

1,604 

1,595 

l , 595 

1,592 

,592 

nometer 

Pi, final reading of ma- 

1 . 1C 

1. 10 

1.06 

1.05 

1.06 

1.06 

nometer. . . . .' 

Pi — Po, pressure differ- 

1.41 

1.40 

1.52 

1.51 

1.94 

1.94 

ence, cm. alcohol 

0.25 

0.24 

0.46 

0.46 

0.88 

0.88 

Specific gravity of alcohol 

P, pressure difference, cm. 

0.801 

0.801 

0.801 

0.801 

0.801 

0.801 

water 

0.20 

0.19 

0.37 

0.37 

0.71 

0.71 

t, time, sec 

119 

120 

68 

69 

34 

34 

K, permeability 

Area of specimen = 78.5 

5.6 

sq. cm. 

5.7 

Thickness 

5.3 

= 6.5 cm. 

5.3 

5.5 

5.5 


Permeability values for several refractories are shown in 
Table 93. 

4. Strength of Refractories. — The cold strength of fired refrac- 
tories is not generally of importance in itself; however, it often 
serves as a guide to other characteristics such as vitrification, 
burning temperature, or purity of material. In the case of heat 
insulators, the strength is of value in determining the ability to 
withstand handling and shipping. Crushing strength is not the 
only factor that needs consideration, for resistance to abrasion is 
also important.* In Table 94 are given values of crushing 
strength. 

5. True Density. — The following method has been found 
satisfactory for the determination of true density f The material 
is powdered through at least 100 mesh, dried at 105°C. until 
thoroughly dry, and placed over CaCh until at room tempera- 
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ture. About 1 g. is weighed into the previously calibrated and 
weighed pycnometer bottle. The bottle is filled about one-half 
full of freshly boiled distilled water; the bottle kept at 60°C. 

Table 93. — Permeability of Firebricks (burned) 


Type of clays 


Flint, semiflint, and plastic 

New Jersey plastic 

Semiflint 

Flint and semiflint and, plastic .... 
Second grade semiflint and plastic 

Plastic 

Semiflint 

Cheltenham plastic 

Flint and semiflint 

Flint and plastic 

Flint and plastic 

Grog, flint, and plastic 

Pennsylvania clay 

Second grade semiflint and plastic 

Sillimanite and clay 

Silicon carbide, recrystallized 

Clay and carbon, insulating 

Insulating firebrick, 3.5 lb 

Insulating firebrick, 3 lb 

Insulating firebrick, 2 lb 


Manufacturing 

method 

1 

Permeability, ec 
per sec. per cm. 
cube per cm. 
head of water 

Semidry press 

0 . 0060 

Hand molded 

0 . 0092 

Soft mud 

0.011 

Soft mud 

0.012 

Soft mud 

0.016 

Soft mud 

0.017 

Soft mud 

0.033 

Dry press 

0.049 

Hand molded 

0.069 

Hand molded 

0. 11 

Soft mud 

0.13 

Soft mud 

0.14 

Dry press 

0.15 

Dry press 

0.19 

Hand molded 

0.45 

Dry press 

0.80 

Dry press 

1.20 


2.0 


3. 1 


5 . 5 


Table 94. — Crushing Strength 
Material 

Fireclay brick 

Bauxite brick 

Silica brick 

Zirconia 

Magnesite 

Chrome 

Insulating brick 


of Refractories 

Crushing Strength, lb. per 
sq. in. 

2,000-12,000 

6,000 

3,000-5,000 

7,000 

5,000-8,000 

6,000 

50-500 


for about }4 hr. ; and the contents agitated to wet the particles 
thoroughly and remove entrapped air. The bottle is next 
placed under a vacuum to make certain that all air has escaped. 
The reduced pressure should not be strong enough to boil the 
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water violently, since loss is likely to occur. About 20 min. 
of treatment using an ordinary aspirator pump is sufficient. 

The bottle is then filled to the mark with distilled water and 
placed in a constant-temperature bath for 1 hr., whereupon the 
bottle is carefully capped; the capillary and the’ outside of the 
bottle wiped clean; and the whole weighed. 

The specific gravity is calculated from 

W — P 

Specific gravity = 

where P = the weight of pycnometer and stopper 

W = the weight of pycnometer and stopper and sample 
Wi = tlie weight of pycnometer and stopper full of water 
lb 2 = the weight of pycnometer and stopper and sample and 
water 

Tetrahychonaphthalene or tctraehlorethane, because of their 
low viscosity and high wetting properties, are useful in the case 
of nonplastics in place of water, as the boiling and deairing steps 
are eliminated. Values on the same sample should check to 
±0.005. - 

6. Abrasion Resistance. — Refractories used in the hearths of 
furnaces or other places where objects are slid along them jmust 
have a good resistance to abrasion. Furthermore, refractories 
are often worn away by particles in a rapidly moving gas. Abra- 
sion tests at room temperature, such as are regularly used for 
paving brick and tiles, mean little for refractories because the 
conditions are far different at high temperatures. In the first 
place, the refractory must have a strong, well-bonded structure, 
and secondly it must not become plastic at the working tem- 
perature. In general, it has been found that a brick that shows 
good resistance to load will also resist abrasion. 

Abrasion has been measured at room temperature by the 
Bauschinger disk grinder, the sand blast of Bradshaw and 
Emery/ 15 and the rattler test of the National Paving Brick 
Manufacturers' Association. None of these tests, however, is 
used at the working temperature of the refractory. Perhaps 
the most logical tests are those proposed by King. C2; Here 
samples of the refractory are rubbed together inside a furnace, 
and the loss in weight determined for a certain time of test. To 
show the effect of temperature, a specimen was tested as follows : 
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Temperature of Test Loss in Weight, ; 

20°C. (68°F.) 0.115 

1050°C. (1922°F.) 0.255 

This shows that the abrasion resistance decreases with the 
temperature. It was also concluded that a fine-grained structure 
and a high-burning temperature increase the abrasion resistance. 

The abrasion resistance of an insulating firebrick is naturally 
less than for a heavy refractory, although hard coatings are 
helpful- Abrasion tests have been made on this material by 
circulating fine particles by means of a high-velocity air stream 
through a duct lined with a particular brick. 

7. Electrical Resistivity. — In electric-furnace work, the elec- 
trical resistance of refractories is of considerable importance, and 
there are many other cases where a high-temperature electrical 
insulator is desirable. 

The method of measuring the resistivity is theoretically simple 
but at high temperatures is beset by numerous practical troubles; 
however, at temperatures up to 1000°C. (1832°F.), the apparatus 
is comparatively simple. The methods used by the U.S. Bureau 
of Standards, (43J King, (46) Northrup, (39) and Brace (41) are sub- 
stantially the same. A comparatively high voltage is placed 
across the specimen, and the current flow measured with a 
sensitive ammeter or similar device. The greatest difficult}^ 
is to i*eduee the contact resistance, and a number of methods have 
been used to prevent this error. Henry C44) and a few others 
used alternating current of 1,000 cycles to prevent electrolytic 
effects. 

In Table 95 are given some values of electrical resistivity 
obtained by different experimenters. 

It will be noticed that the values given in the preceding table 
are rather discordant in some instances. This may be due in 
part to the variation in specimens and in part to errors in 
exp erimentation . 

At low temperatures, refractories conduct very slightly. As 
the temperature is raised, the conductivity increases rapidly 
until the melting point is reached, where electrolytic conduction 
occurs. With a pure material, the conduction would be low up 
to the melting point; but with the average refractory, liquid 
phases are formed by the impurities at relatively low tempera- 
tures, so that we get an earfy falling off of the resistance. In 
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general, a pure, high-melting-point material will give the best 
high-temperature, electrical resistivity. 
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PART IV 
Use 

CHAPTER XX 

REFRACTORIES IN THE IRON AND STEEL INDUSTRY 

1. Introduction. Dependence of the Industry on Refractories . — 
The iron and steel industry is so dependent on refractories for 
efficient production that all The larger steel companies are them- 
selves conducting research on refractories or are cooperating 
with the refractory manufacturers to obtain the best product for 
each position in the furnace. Unquestionably, in many cases, 
refractories capable of withstanding higher temperatures would 
permit more efficient production of steel and, in many cases, 
a better quality of steel. For that reason, a great deal of effort 
is being expended on the study of high -temperature refractories, 
particularly for the open-hearth furnace. 

Future Developments . — A problem that requires solution in the 
future is the production for the open-hearth furnace of a roof 
brick capable of operating at 100 or 200° higher than the silica 
roof and still giving a satisfactory life. The economy of insula- 
tion is now being thoroughly appreciated in the iron and steel 
industry, and to accompany insulation we must have a better 
quality lining brick to stand the greater mean temperature 
imposed. In the heat-treating field, the development of light- 
weight refractories has been advancing rapidly and will undoubt- 
edly show still further progress in the next few years. The 
possibility of making sectional furna'ces of portable panels 
that can be built around the completely fabricated structure 
for heat treating is being rapidly developed and will become of 
more importance as completely 5 " welded structures are more 
widely used. 

The disintegration of refractories under reducing conditions 
must receive more attention, and bricks capable of withstanding 

610 




REFRACTORIES in tiie iron and STEEL INDUSTRY 611 

this deteriorating influence more successfully will undoubtedly 
be developed. 


330. Typical modern blast furnace. (From l * Modern Refractory Practice 
courtesy of the Harbison-Walker Refractories Company.) 

.. 2. Blast Furnace. Principles of Operation . — The blast furnace 
is the primary unit for reducing iron ore to iron. The charge, 
which is a mixture of iron ore, limestone and coke, is blasted 
with preheated air in the correct amount to generate heat and 
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form carbon monoxide, which reduces the ore to melted iron and 
slag. The composition of the ’iron depends a great deal on the 
type of ore used, but control of the final composition is possible 
in the blast furnace itself, except for manganese and phosphorus 
which cannot be greatly varied. 

A Typical Furnace . — In Fig. 330 is shown the cross section of a 
modern blast furnace with the various parts labeled. It takes 
the form of a vertical shaft from 50 to 100 ft. high, with a hearth 
diameter of 18 to 27 ft. The refractories are completely sur- 
rounded by a steel shell. The charge is fed into the top of the 
furnace from a skip hoist through the double bell at the top and 
gradually passes down through the furnace as the reactions 
take place forming the iron and slag which collect in the crucible 
at the bottom. Periodically, the iron and slag are tapped of! 
through separate notches. 

It will be noted that the refractories in hotter parts of the 
furnace and sometimes in the lower portion of the inwall are 
heavily water-cooled by hollow metal castings extending well 
into the wall around the bosh and a water jacket extends down 
around the bottom, which is found necessary to give the long 
life needed for a satisfactory campaign, often lasting 2 to 5 years 
with a production of 1 to 2 million tons of iron. Water cooling 
has made feasible the use of a thinner wall than previously 
thought possible. 

The gas from the top of the blast furnace, which is mainly 
carbon monoxide and nitrogen, is cleaned, and part is burned 
in the stoves which consist of a vertical, brick-lined steel C3dinder 
partially filled with checker brick. These checkers are first 
heated up by burning the blast-furnace gas at the bottom, and 
then air is drawn through them in the opposite direction to be 
fed to the tuy T eres, producing an average preheat temperature of 
1100 to 1500°F. As soon as the temperature of the stove reaches 
a certain minimum value, the flow is switched over to another 
stove that has previous^ been heated so that the cycle can be 
continued. Usually three stoves are used with one modern 
blast furnace. Modern design calls for taller stoves with insula- 
tion inside the shell. 

The blast furnace and its stoves are large users of refractories, 
as approximately' one million bricks would be employed in the 
construction of a modern unit. , 
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Types of Refractories Used . — Practically all the refractories 
used in the blast furnace and stoves are fireclay brick. In 
the hearth and bosh are used high-flint clay bricks, which are 
generally vacuum extruded, dry pressed or air rammed, and high 
fired, to give a dense structure and low reheat shrinkage that 
will be resistant to slag and load under the severe conditions 
encountered in this part of the furnace. ^Accurate sizing of the 
blocks is desirable. The hearth bottoms are 9 to 12 ft. thick 
and are usually constructed of blocks larger than the standard 
9-in. brick in order to reduce the number of joints.'* In spite of 
this construction, however, the bottom bricks are gradually 
eaten away or floated out during a long campaign and are replaced 
by iron, which solidifies and forms the salamander: A good 
description of the action on the hearth refractories is given by 
McLain. (9) 

In the last few years, machined carbon blocks C10) and rammed 
carbon plastics have been used for bosh and hearth linings in a 
number of German blast furnaces, but there seems to have been 
little work on such material in this country. 

The bricks in the shaft of the furnace need not be so refractory 
as those in the lower part because the temperature decreases to 
approximately 400°. at the exit. However, the bricks should be 
hard and resistant to the abrasion of the moving charge; and most 
important of all, they should be stable under the disintegrating 
effect of carbon monoxide,' which was discussed more fully in 
Chap. XV. It is generally believed that if the iron in the bricks 
has been converted to iron silicate by high firing, little disinte- 
gration will occur. The shaft bricks also are subject to dis- 
integration in the upper portions from metallic zinc, which is 
sometimes reduced from the ore, and, volatilizing, settles in 
the cooler portions of the lining, causing swelling and disin- 
tegration. Alkalies that are vaporized in the lower sections 
of the furnace also condense in the cooler parts and decrease the 
life of the lining, 

Life of Refractories . — The nature of the blast furnace is such 
that little or no repairing can be done on the structure during a 
campaign, and therefore the life of the weakest part of the 
structure determines the total life. Usually the furnace must 
be shut down because of wearing away of the wall somewhere 
in the shaft, due to slag erosion and abrasion. When the wall 
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becomes so thin that the temperature on the outside casing 
cannot be held down even by extra cooling, it is impossible to 
continue the furnace in operation. The modern furnace with 
thorough water cooling gives excellent life, and campaigns of 



Fig. 331.— Burn-out lines of furnace. ( Courtesy of W. R. McLain , Bull. Am. 

Ceram. Soc.) 

3 to 5 years are commonly reported. ’ In general, it would seem 
that the refractories available for the blast furnace are satis- 
factory for their purpose, but perhaps higher densities for the 
brick in the lower part of the furnace can still be achieved by 
more careful sizing of the raw materials, vacuum treatment, 
and higher pressures. Higher firing of the brick in the shaft 


Table 96.— Analysis of. Service Conditions 
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will make them more stable in regard to disintegrating influences, 
but many problems still need study as far as these factors are 
concerned. " 

In Fig. 331 are shown (9) the wear lines in a blast furnace 
at the end of a campaign. * The first zone of wear is at the top 
under the stock-line wear plates and is due mainly to abrasion. 
The second zone is above the mantle and is caused by dis- 
integrating influences of carbon monoxide, alkalies, and zinc, 
as well as slag erosion. 

The checkers in the stoves show gradual deterioration due to 
slumping and shifting, but accurate pyrometer control to prevent 
overheating will minimize this condition. The use of super- 
duty fireclay brick in the upper portions of the checkers is 
generally recommended.-^ 

Table 96 gives an idea of the conditions encountered in the 
blast furnace. 

3. Cupola. Principle of Operation . — The cupola is strictly a 
melting furnace using as a charge cast iron in the form of pigs, 
stove plate, and other scrap cast iron and in some cases scrap 
steel. The charge is alternately metal, coke, and some limestone 
as a flux. In a well-operated cupola, roughly 8 to 12 tons of 
iron can be melted to 1 ton of coke. The cupola itself is quite 
similar to the blast furnace in shape, consisting of a hollow shaft 
with a charge entering through a door near the top and the 
molten iron being tapped out periodically or constantly at the 
bottom. Air for combustion enters the lower part of the shaft 
through tuyeres in the same way as for the blast furnace, but 
seldom is preheated air used in cupola melting. Unlike the 
blast furnace, the cupola is not used on continuous operation 
but is dumped each evening, repaired by patching, and started 
up the next day. 

Typical Furnace . — In Fig. 332 is shown a cross section of a 
typical cupola for melting gray iron for foundry use. The shaft 
is completely lined with fireclay blocks molded to fit the curvature 
of the cupola. The door for charging is near the top of the shaft, 
and no attempt is made to collect the hot gases from the top. 
In the bottom of the shaft is a crucible for collecting molten 
iron, as clearly shown, together with the tap hole for draining 
off the melted iron. The bottom of the cupola can be dropped 
down at the end of a run for quicker cooling and easier repairs. 
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Types of Refractory Used .— The refractories used in the cupola 
are fireclay blocks made with a dense structure by hard pressing 



IG. 332. Section of typical cupola. ( From "Modern Refractory Practice 
courtesy of the Harbison-Walker Refractories Company.) 

or by deairing. Considerable improvement has been made in 
the cupola refractory in the last few years in the way of a more 
un orm and denser structure. Such a structure is more capable 
of withstanding the abrasion and slagging; but on the other hand. 
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because of the sudden temperature changes, the block must j 
also have considerable resistance to spalling. Although the f 
complete lining of the cupola lasts for a considerable length of f 
time, perhaps for a year or more, it is necessary to make rather 
extensive repairs to the portion of the shaft around the tuyeres 
every day by the addition of new blocks or simply by patching 
with a plastic material, which is usually made of crushed ganister 
and plastic fireclay. 

Attempts have been made to line cupolas with a castable 
refractory consisting of grog, ganister, and high-alumina cement. 
Although this mixture has been used for patching in this country, 
the use of complete linings of this material has been confined 
in the past to European practice. Rammed linings are also 
used abroad because of their low cost. In Table 97 are given 
some of the conditions encountered by the refractory. 

4. Open-hearth Furnace. Principles of Operation. — The. open- 
hearth furnace is a reverberatory type with a flame playing over a 
relatively shallow layer of metal. The charge may be pig iron, 
either solid or in the molten state directly from the blast furnace; 
most generally pig iron and scrap; or scrap and carbon. The 
reactions occurring in this furnace are mainly an oxidation of 
the carbon, elimination of the phosphorus in the basic process, 
and a decrease in the silicon, manganese, and sulfur. In the 
acid process (siliceous slag), it is impossible to eliminate the 
phosphorus; accordingly, only low-phosphorus materials can 
be used, which in this country, limits the production of acid ! 
open-hearth steel to about 5 per cent -of the total. For this 
reason, only the basic process will be considered here. 

The output of the open-hearth furnace is mostly used for 
casting steel ingots, which are later rolled, hammered, or pressed 
into the desired shapes. 

The fuel used in the open hearth is most commonly producer 
gas, but furnaces are fired by natural gas, fuel oil, tar, coke-oven 
gas, and even pulverized coal. The type of fuel governs the 
design of ports in the furnace and has a considerable influence 
on the life of the refractories. For example, producer gas 
gives a long flame that has a tendency to heat up the end walls 
and downtakes, whereas the coke oven gas has a hot flame that 
tends to heat the roof near the burner end of the furnace. All 
open-hearth furnaces are of the regenerative type, in which the 
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outgoing gases heat checker cham- 
bers. After a period of time, the 
flow is reversed and the incoming 
air and gas are preheated by pass- 
ing through these hot chambers 
and then combined at the ports 
to form the combustion flame. 
Neither coke-oven nor natural gas 
ran be preheated because of the 
tendency to crack. 

Typical Furnace . — In Fig. 333 
is shown a cross section of a typi- 
cal stationary 100-ton basic fur- 
nace, which is an average size. 
Most of the furnaces are of the 
stationary type but a few tilt on a 
horizontal axis for pouring and to 
make up the back wall. The tilt- 
ing makes the operation of the 
furnace somewhat simpler, but 
the initial cost is much greater, 
and there is some difficulty in 
making the air and gas connec- 
tions tight: 7 If an}mne is interest- 
ed in more detailed construction 
of the open-hearth furnace, he 
should refer to the excellent books 
by Buell. 

“ The hearth of the furnace is 
built up on steel plates, as shown 
in Fig. 333, with a layer of insulat- 
ing brick, magnesite or chrome 
bricks, or a rammed mixture and 
then a fritted magnesite bottom 
which is constantly being repaired 
during the campaign to maintain 
its normal thickness. The front 
and back walls of the furnace are 
usually made of silica brick with 
burned magnesite brick in the 
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constructed of silica brick, but chrome and magnesite brick are 
used to withstand the slag and cutting action of the high-velocity 
dust-laden gases. Chromite ramming mixtures are sometimes 
used over the silica brick. 

The doors of the furnace usually have water-cooled frames, 
which protect the brickwork from the mechanical abuse of the 
charging machine and give sufficient cooling to prevent deteriora- 
tion of the front wall — a difficult portion of the furnace to repair. 

The roof of the open-hearth furnace is one of the most impor- 
tant portions of the structure, because the life of the furnace as 
a whole is more or less determined by the life of the roof. Gen- 
erally, the refr actories used in the sp rung arch of the .roof are 
silica brick' of r 13j^ or 18 in. thickness. As the temperature 
required to maintain a low-carbon steel for pouring is 1585°C. 
(about 2880 °F.), and the temperature at which the silica brick 
in contact with iron oxide begins to soften is 1650°C. (about 
3000°F.), (48) it will be seen that only a small operating interval 
is available and that for this reason, the temperature control 
must be carefully maintained. In the modern plants, the roof 
temperature is read with optical pyrometers; and in some cases, 
temperature controllers operating on a radiation-pyrometer 
principle are permanently installed to cut off the fuel whenever 
the temperature exceeds the upper limit. 

It might be thought that the silica brick, because of its tendency 
to spall, would be unsatisfactory in a regenerative furnace where 
a periodic change in temperature occurs at each reversal. How- 
ever, if one would examine the expansion curve of a silica brick . 
as shown in Fig. 298 of Chap. XVI, dt will be noticed that above 
t he red-heat range, th e v olume of the brick is s ub stantially 
constant and changes in temperature_in the higher zones will 
capse no appreciable volume change. In other words, the silica 
brick is unexcelled for these particular conditions and this con- 
stant volume at high temperatures explains why such good 
results are obtained with them. 

v Steel manufacturers have long desired a roof brick with a 
higher temperature range than silica, because it is obvious that, if 
the open hearth could run at 200 or 300 °F. higher temperature, 
production from a given unit could be greatly increased and, 
at the same time, qualities of steel that now can be produced 
only in the electric furnace could be turned out more cheaply 
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In lining a ladle, the common practice is to use a thickness 
of 23^ to 9 in., depending on the size of the ladle, and modern 
usage seems to tend toward the use of 1 or in. of insulation 
between the refractory lining and the steel shell. The ladle 
bricks, usually in two layers, should be uniform in size so that 

the thinnest possible dipped joints can 
be made. Care is necessary in drying 
out the ladle before use, which is usual- 
ly done by building a fire of wood or 
coke in the bottom of the ladle or intro- 
ducing gas burners. Practice varies 
in the time required for drying, some 
ladles being dried out in as short as 8 
hr., and some in 48 hr. The life of 
the ladle lining depends to some extent 
on the type of steel, certain allo 3 ^s 
being much more severe on the lining 
than carbon steel. Fluorspar, which 
is often used to increase the fluidity 
of the flux, has a severe action on the 
ladle lining and will often materially 
decrease its life. Smaller ladles for 
cast iron are often lined with a fire- 
clay plastic that must vitrify and give a hard surface. ' y ' 

Nozzles , Stoppers , and Sleeves .- — The nozzle used in teeming 
steel from the ladle is a very important part of the ladle. A cross 
section of a typical nozzle and stopper assembly is shown in 
Fig. 334. A good stopper and nozzle should give a clean flow of 
steel without spattering at a substantially constant rate through- 
out the pouring operation, should be able to shut off the stream 
between ingot molds cleanly without dribbling, and it should 
be possible to open the nozzle on the first ingot , without 
sticking. - 

In order to get a uniform rate of flow from the ladle, a material 
that will slowly erode and increase the diameter during the 
pouring operation must be used in the nozzle. It has been 
found that fireclay nozzles will have this property of giving a 
comparativety r uniform flow rate from the beginning to the end 
of the pouring. On the other hand, a nozzle of magnesite is so 
resistant to erosion that it maintains substantially a constant 



Fig. 334. — Nozzle and stop- 
per assembly. 
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diameter and therefore the rate of flow decreases, as shown in 
Fig. 335. 

In order to get a tight fit between the nozzle and stopper, 
it is usually desirable to have one of them slightly plastic, but not 
both, or sticking is certain to result. For this reason, either the 
nozzle or the stopper will generally be made of a more refractory 
clay than the other; or in many cases, the stopper would be made 
of graphite and clay, which are 
more rigid at the pouring tem- 
perature than the clay alone. 

The steel rod attached to 
the stopper must pass down 
through the molten steel in the 
ladle and therefore must be 
protected with refractory 
sleeves. They are made of a 
fireclay, and it is particularly 
important that they resist 
cracking under the sudden heat 
shock. It is also important Fig. 335. — Flow of steel through 
that the joints between the nozzles, 

sleeves be carefully fitted so that the molten steel cannot force 
them apart; 

In recent years, a great deal of interest has been shown in 
steel inclusions.. It is beginning to be realized that many of 
these are due to particles of refractory from the ladle lining or 
from the nozzle and that the ability to produce really clean steel 
would seem to depend a great deal on finding a refractory that 
would be more stable than the fireclay refractory now used; 

Tap Holes . — The tap hole in the open-hearth furnace must 
consist of a material strong enough to hold the pressure of the 
molten steel without breaking out and, at the same time, suffi- 
ciently soft to be knocked out with the tapping bar. It is 
general practice to make up a mixture of raw and burned dolomite 
for this purpose, although in some cases chrome-base cements 
have been used.' ^ 

Hot Tops and Plugs . — The plugs are used at the bottom of 
certain ingot molds to receive the direct impact of the stream 
of molten steel from the ladle. They must, therefore, be resistant 
to spalling and at the same time sufficiently dense to prevent 
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erosion. The 3 r are usually made of a fireclay of comparatively 
low refractoriness and generally give little trouble.- 

The hot tops are placed on top of the ingot mold to prevent 
too rapid solidification of the top of the ingot and consequently a 
deep pipe. The hot tops must have a sufficiently close structure 
so that the steel will not penetrate them, and yet it is desirable 
to have them of light weight for low specific heat and low thermal 
conductivity with, at the same time, good spalling resistance. 
As they are usually only used once, the cost must be low. 
Generally^ a comparatively low-burned fireclay mix is used, 
but some success has been had with lightweight refractories 
coated with a material to prevent penetration of the steel into 
the pores. 

6. Air Furnace. Principles of Operation . — The production 
of malleable iron is generally carried out in the air furnace. 
The malleable iron is produced from mixtures of pig iron, steel, 
and malleable foundry scrap, which is refined in the furnace to 
produce the proper percentages of carbon, silicon, sulfur, man- 
ganese, and phosphorus. When the malleable iron is first cast, 
it has practically all the carbon in the form of carbide of iron, 
which gives a comparatively brittle structure. The cast objects 
are then subjected to a heat-treating process while packed in 
iron boxes, perhaps seven or eight deep, for a considerable length 
of time, after which the carbon is precipitated and gathers into 
regular nodules known as “temper carbon.’ 7 Sometimes the 
castings are simply annealed without packing. In the final 
condition, the metal is ductile and malleable and shows con- 
siderable elongation. A 

- Typical Air Furnace . — Figure 336 shows a section of a typical 
air furnace-, which consists of a shallow hearth made of silica 
sand and a firebrick wall and crown to cover it. An average-sizc 
hearth is 6 by 20 ft. with a capacity of 15 tons, but furnaces up j 
to 50-ton capacity have been made. Unlike most reverberatory ; 
furnaces, the crown is not fixed but is composed of separate \ 
bungs in which a ring of bricks comprising a section of the arch ! 
is clamped in an iron framework. In this way, one or morel 
bungs can be lifted from the furnace at any time with a crane | 
and the furnace charged through the opening thus produced. ■ 
The fuel used for heating this type of furnace may be coal, 
oil, or gas, but powdered fuel is, perhaps, most used. This - 
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produces rapid heating and comparatively high temperatures; 
t consequently the crown of the furnace receives considerable 
abuse. A furnace is brought up to heat in 1J4 hr. and held 5 
to 8 hr. The bungs have a comparatively short life of 20 to 
30 heats, as a result of the rapid heating and cooling, but the 
side and end walls give generally good service. ■: In Table 99 
is given a summary of the service conditions in the air furnace. 



Fig. 337. — Bessemer converter. ( From “ Iron and Steel,” by H. M. Boylston.) 

7. Bessemer Converter. Construction and Operation . — -The 
Bessemer converter is a pear-shaped, refractory-lined vessel 
on trunnions which permit it to be tilted from the horizontal 
to the vertical position. The bottom consists of a refractory 
containing a large number of holes through which air can be 
blown under considerable pressure. A typical converter is 
shown in Fig. 337.“ 

In operation, the converter is charged with molten iron from 
the mixer or blast furnace while on its side. It would then be 
rocked into an upright position after the air blast had been 
applied, thus forcing air up through the. molten metal and 
oxidizing the carbon and silicon to bring it down to the light 
composition.^ 

. Type of Refractory Used . — Most of the converters are acid 
lined with silica brick or natural furnace stone such as sandstone 
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or mica schist. The bottoms of the converter are usually 
made of fireclay and must be frequently replaced, as 10 to 30 
is the average life. The walls of the converter, however, 



Fig. 338. Typical electric steel-melting furnaces. ( From “Modern Refractory 
Practice /' courtesy of the Harbison-Walker Refractories Company .) 


may give a life of 200 or 300 heats before extensive replacements 
are necessary.'./ 

8. Electric-arc Furnaces. Principle of Operation . — Furnaces 
of this type are used to melt iron and steel by the heat of an arc 
formed between the slag layer and the overhead electrodes. 
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usually three in number, which can be raised and lowered to 
accommodate the changes in metal height and loss in electrode 
length. There are many variations in types of furnace, but 
most of them consist of a cylindrical, refractory-lined shell with a 
domed roof and a charging door in the side. Nearly all of them 
are on trunnions so that they are poured by tilting. 

The acid-type furnace is used mainly for steel castings and 
iron, whereas the basic furnace is most commonly used for 
production of steel ingots. - 

Construction .— In Fig. 338 is shown a cross section of two 
typical electric basic furnaces. The bottom is composed of about 
10 in. of rammed, dead-burned magnesite or electrically sintered 
magnesite, bonded with organic material or silicate of soda. 
Such a bottom will probably be patched every heat but, under 
these conditions, will give good service. 

The lower side walls are constructed of magnesite brick; and 
for this purpose, a low-iron magnesite is often preferred, because 
of its better resistance to spalling. The upper side walls are 
usually made of silica brick. 

The roof, which is in the form of a dome, is generally made 
of silica brick, using specially made shapes to fit around the 
electrodes. Good success has been obtained, however, with 
roof bricks of other materials such as super-duty fireclay, kaolin, 
and mullite, all of which are more resistant to spalling during 
the week-end shutdowns than the silica. A.n average roof 
will have a life of 100 to 150 heats, although a longer life is 
sometimes obtained. - 

9. High-frequency Induction Melting Furnaces. Principle 
of Operation . — This type of furnace melts metal by inducing 
in the charge high currents by means of an external coil surround- 
ing the crucible. This furnace differs from all others in that the 
heat is generated directly in the metal itself and the crucible 
is not subjected to any other heating. High-frequency induction 
furnaces are made in small units for experimental melts of a 
few pounds up to 5-ton steel-melting furnaces. This kind of 
melting has certain advantages, particularly for alloy steels, 
in that a thorough stirring of the melt takes place and the 
' analysis of the resultant steel can be accurately controlled.'./ 

Refractories . — In Fig. 339 is shown a cross section of a large 
high-frequency induction furnace for melting alloy steels. 
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The high-frequency current is carried by the water-cooled coil, 
inside which is a formed mica sleeve or troweled on sillimanite 
mix for coil protection. On the inner side of this is rammed a 
thin layer of refractory to form the melting chamber. For the 
highest efficiency, this refractory must be thin, and yet it must 
not crack during the melting operation. The preferred method 
of putting in this refractory is to ram it by hand inside a core 
made in the form of a steel or asbestos cylinder. The core 
can be withdrawn or melted out while, at the same time, fritting 
the surface of the refractory together into a strong mass. 



. A satisfactory refractory may be a rammed ganister bonded 
with a little clay or silicate of soda for acid furnaces. Electrically 
sintered magnesite with an organic binder is used for basic 
furnaces, although linings are fritted in place with no bond by 
melting out an asbestos sleeve. With patching, 100 to 200 heats 
can be obtained with a single lining. Fused alumina and zircon 
have also been tried with good success in special cases.*-' 

For the smaller furnaces, prefired crucibles are generally used 
magnesite being usually preferred.*/ 

10 ; Furnaces for Forming Operations. Soaking Pits .— The 
soa mg pit as shown in Fig. 340 ‘consists of a rectangular or 
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cylindrical furnace generally heated by tangential burners 
using either gas or oil as fuel. Regeneration is often employed. 
The removable cover, automatically operated, allows the heavy 
ingots to be placed or removed with an overhead crane. 
f The bottoms of these furnaces are made of rammed coke and 
molasses or rammed chrome plastic to withstand the action of 
mill scale, which forms in comparatively large quantities in 
furnaces of this type. The side walls are usually made of fireclay 
or silica brick, but unburned magnesite or chrome brick have 
been tried with success i- 



The cover is one of the most important parts of the furnace, 
as it must withstand considerable mechanical shock due to the 
frequent opening and closing; and at the same time, it should 
be as light as possible for the quick operation necessary for 
efficiency. For this reason, covers have recently been made 
almost entirely from insulating firebrick, because it not only 
reduces the weight of the refractory in the cover but also permits 
much lighter steelwork to be employed. These refractories 
must be carefully selected so that they will stand the spalling 
conditions of frequent opening and closing of the cover, have a 
light weight and a good insulation value.'* 

• Billet-heating Furnaces. — Billet-heating furnaces may be of the 
continuous type, a typical example of which is shown in Fig. 341. 
Here the billets pass through the furnace in a continuous layer 
on water-cooled rails and are heated mainly by convection of the 
hot combustion gases passing over and under them. This type 
of furnace is a true recuperative type, due to the counterflow 
action, so that the efficiency is comparatively high. The hotter 
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parts of the furnace are made of high-quality fireclay brick or 
kaolin bricky but the upper structure of the cooler portions is 
generally made from low-heat-duty brick with good insulation. 
The bottom of the furnace, which must resist the action of mill 
scale, is usually constructed of rammed chrome plastic at the 
hotter end. " 

.Batch-type billet-heating furnaces are constructed in a large 
number of designs, but here the bottom is usually made of chrome 



Fig. 342. — Large car bottom stress-relieving furnace. ( Courtesy of Babcock and 

Wilcox Company.) 


and the upper structure of insulating firebrick. The value of 
insulating firebrick is particularly evident in the doors, which 
are decreased in weight so that they can be operated more rapidly 
and with less discomfort to the workman." 

- Forging Furnaces . — Forging furnaces are made in many types. 
The refractory used is generally of fireclay, but the use of light- 
weight refractories is becoming quite prevalent in modern 
construction. The floor of the furnace may be of dense fireclay 
brick or rammed chrome plastic." 

11. Heat-treating and Stress -relieving Furnaces. — Furnaces 
of this type are required to withstand only moderate tempera- 
tures. Heat-treating furnaces for high-speed steel might require 
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a maximum temperature of 2400 °F., whereas stress-relieving 
furnaces would reach only 1400°F. For this reason, it has been 
found that the insulating firebrick can be used very successfully 
in many constructions. It has the advantage of giving a material 
saving in fuel, lower cost of burner equipment, and, in many 
cases, increased life. 

In Fig. 342 is shown an illustration of a large car bottom 
stress-relieving furnace fired by natural gas which will take 
drums to 100 tons in weight. It is lined with insulating firebrick, 
thus giving a very uniform distribution of temperature as well 
as excellent fuel economy. 

12. Bright Annealing Furnaces. — Furnaces of this type 
operate with a controlled atmosphere, usually with hydrogen. 
The temperatures are low; and for this reason, the insulating- 
firebrick has seen extensive use both in the continuous and in the 
intermittent types. Because of the strong reducing action of 
the hydrogen, it is necessary to employ a refractory that will 
be stable under these operating conditions. For that reason, 
bricks low in iron oxide content are desirable. 
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CHAPTER XXI 


REFRACTORIES IN THE NONFERROUS-METAL 
INDUSTRY 

1. Copper Production. Outline of the Process . — The common 
copper ores contain between 1 and 2 per cent copper and must 
be concentrated by ore-dressing methods, which bring the 
percentage of copper up to between 20 and 30 per cent. If this 
concentrated ore contains free sulfur or a too high quantity of 
iron sulfide, it must be roasted to drive off a portion of the 
sulphur as SO 2 . This roasting takes place at a low temperature 
in a multiple-hearth furnace "(Fig. 343) f and although no serious 
refractory problems are encountered here, the hearths of fireclay 
brick must be abrasion resistant. The roasted ore is then 
smelted, which is carried out at the present time in a reverbera- 
tory type of furnace, as the blast furnace is seldom used. In 
this operation, the copper sulfide is separated from the gangue 
and some of the iron as a matte, which is a mixture of copper and 
iron sulfide. This matte is then treated in a converter where 
air is blown through the melted sulfides, thus oxidizing the 
sulfur and the iron, the latter being taken up in the slag and the 
former passing out of the furnace as S0 2 . The crude copper, 
called “blister copper,” is then treated in an anode furnace 
where it is further oxidized, and the base metal oxides for m ed are 
taken up in the slag and removed. The copper is then reduced 
by covering with coke and introducing green poles which give 
off CO and water vapor, thus reducing all but a very small 
amount of the copper oxide to metallic copper. The copper 
from this process is cast in anodes and treated in a cell to form 
electrolytic copper cathodes ; at the same time, the gold and silver 
can be recovered in the slimes. The electrolytic copper cathodes 
are then melted in a fining furnace and cast into commercial 
shapes. y 

'' Reverberatory Smelters . — This type of furnace/ as shown in 
Fig. 344, very much like a long open-hearth furnace, is fired at 
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one end, -usually with gas, oil, or powdered coal. The charge, 
which in the earlier furnaces was fed through openings in the 
center of the roof, is now fed through openings in the roof near 
the skewbacks. As the charge melts, it flows down to the cooler 
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Fig. 343. — Wedge roaster. ( Courtesy of Bethlehem Foundry and Machine 
Company , G. Thorpe.) 


end of the furnace where the matte and slag can be tapped off 
separately. The size of these furnaces is usually 20 to 25 ft. 
in width and 120 ft. in length, capable of handling 500 to 1,000 
tons of charge per day, although a few furnaces even larger than 
this have been constructed. -/ 
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The bottom of the furnace is made of silica rammed in and 
fritted in place much in the same way as the acid bottom is put 
in an open hearth. The bottom must be sufficiently dense to 
prevent the penetration of the liquid matte and requires frequent 
repairs. . 

. The side walls of the furnace are generally silica brick, although 
magnesite brick have been used in the lower side walls. Water 
cooling at the burner end has been used in some furnaces; but 
at present, it is not common. Silica brick are also used in the 
end walls, but high-alumina brick have also been successful 
in some cases. 

The roof of the reverberatory furnace is exposed to a great 
deal of dust, which fuses and produces a severe slag attack. 
Silica brick are generally used in the roof in spite of the fluxing 
effect. Within the last few years, magnesite brick either of the'' 
hard-fired, low-iron type or chemically bonded brick have been 
used quite extensively in the portion of the arch near the skew- 
backs, especially around the charging holes. Suspended roofs 
of chemically bonded magnesite have been tried with very good 
success in Canada. The life of the silica roof runs about 100 
days; but with the use of magnesite, a somewhat longer life 
has been reported. Insulation of these furnaces is beginning 
to be recognized as good practice, and probably all furnaces of 
this type wall be insulated to some extent in the near 
future. 

- Copper Converters . — Two types of converter are generally used 
at present known as the “Great Falls” (Fig. 345) and the 
“ Peirc e-Smith ” (Fig. 340). In the Great Falls type, the hori- 
zontal section is circular; whereas in the Peirce-Smith type, it is 
rectangular. The converters are mounted on trunnions for 
pouring the slag and metal, and the capacity runs from 100 to 
300 tons per day. Converters are almost always lined with 
magnesite brick backed up with feome magnesite grain between 
the lining and shell. Some unburned magnesite brick have been 
tried in converters, apparently with considerable success. The 
life of these linings is quite long, averaging 5 to 10 years, as a 
layer of magnesite is built up on the inner surface and protects 
the lining. Around the tuyeres, however, the cutting action 
may be quite severe, and repairs have to be made in this? zone 
after about six months or less, v 
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Copper Anode Refining Furnace . — Most of these furnaces are of 
the reverberatory type, perhaps 35 ft. long and 15 ft. wide, with a 
capacity of 250 to 400 tons of copper. The fuel is oil, pulverized 
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Fig. 345.— Copper converter, Great Falls type. {From, “Modern Refractory 
Jrractice, courtesy of the Harbison-Walher Refractories Company.) 

coal, or gas, firing being from one end. After melting, air is 
blown into the bath to saturate with Cu 2 0, while a small amount 
of siliceous flux is sometimes added to slag the base metals. 
ie slag is then skimmed off ; the charge covered with coke and 
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poled to reduce the CuoO. The refining cycle takes somewhere 
around 24 hr. The bottoms of these furnaces are quite similar 
to the bottoms of the smelting furnaces, i.e., ganister rammed 
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Fig. 346. — Copper converter, Peirce-Smith. type. ( From lt Modern Refractory 

Rracticef’ courtesy of the Harbison-Walker Refractories Company.) 


on top of clay brick. In the melting operation, at the surface 
of the ganister is formed copper silicate which acts as a cementing 
material to give a strong, firm body. Often bottoms are kept 
cool by air circulating through pipes running under the bottom. 
Although requiring occasional patching, bottoms may last from 
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3 to 5 years. In the side walls, magnesite brick are used to 
slightly above the slag line, beyond which silica brick are generally 
used. Above the slag line, chemically bonded and metal-cased 
magnesite brick have been successfully tried, giving' a life of 
200 heats. - 

The roof of the refining furnace is generally of silica brick, 
but it is actively attacked by the copper oxide slag thrown 
against it during the poling operation. Thus the roof has a life of 
only 100 to 125 heats. Magnesite and forsterite bricks have 
been tried in the roofs to some extent, with somewhat increased 
life.'/ 


Wire-bar Furnaces . The operations producing wire bars and 
other commercial shapes from copper cathodes are practically 
the same as those for produc- 

ing anodes . The f urnac es are Trunn/ons 

very similar to the anode Pouring spout 

furnaces previously discussed, — p~~} 

except the bottom is made jj^y. 

of silica brick instead of silica y f -v - -Vr A'NJ ! 

sand. Side walls are made of umer 

magnesite to slightly above '%% cfory ■ steZlZT"’ 

the slag line, and either silica Fia. 347. — Open-flame brass-melting 
or magnesite brick are used furnace. 
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up to the arch. In the upper parts of the side wall, both 
unburned and metal-case brick have been successfully tried 
The roofs are usually made of silica, although magnesite brick 
have been used with a somewhat greater life. ' 

2. Melting Copper Alloys. Types of Furnace . — The melting 
I f brass ai ^ otiler co PP e ^ alloys is carried out in gas- or oil-fired 
I furnaces wdth a shallow hearth and an open flame; but for smaller 
I lots or high-zinc alloys, plumbago crucibles are used. The 
( mdlrect ~ ar c furnace in a rotating cylindrical shell is much used, 

I ^ ut recen tly, however, the induction-type melting furnace of the 
j Ajax- Wyatt type is favored. * 

[ _ Open-flame Melting Furnaces . — In Fig. 347 is shown a til tin g 
iurnace of this type in which the oil burner is introduced through 
one end and the charge is put through a door in the side of the 
8 JL* . e itself can be rotated on trunnions for pouring. ^ 
. , hrnngs of these furnaces are usually made from dense 

reclay brick. For the hearth is used a rammed-in plastic 



Table 100. — Classification of Refractories for the ( 'offer Industry 
(Adapted from Industrial Survey of the Conditions Surrounding Refractory Service in the Copper Industry, “Manual of 

A.S.T.M. Standards on Refractory Materials”) 
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forsterite brick 
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mixtures, a Missouri fireclay generally being preferred in this 
country because of its good hot strength. Although the retorts 

used to be handmade, they are 
made, at present, entirely by 
machine, such as a hydraulic 
press. A good density of struc- 
ture is necessary to prevent loss 
of zinc vapor through the walls 
and also to prevent too much zinc 
from being lost in the pores of the 
retort when it is rejected at the 
end of the run. Some plants find 
that retorts containing 75 to 85 
per cent silicon carbide give 
enough greater life to pay for this more expensive material. • 



Fig. 351. — A cross section of a Belgian zinc distillation furnace. {From 
“ An Outline of . Metallurgical Practice by C. R. Hayward , courtesy of D. Van 
Xostrand Company , Inc.) 

These retorts with their condensers are set up in banks of 
200 or 300 in a long gas-fired furnace, as shown in Fig. 351. 
usually of the Belgian type. A center wall running down the 



Fig. 350. — Details of zinc retorts 
and condensers. {From J . L. Bray , 
“ The Principles of Metallurgy .”) 
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middle of the furnace holds the back end of the retorts, whereas 
, t he front end is luted into the wall of the furnace. The firing 
Is usually regenerative, and temperatures of 1250 to 1350°C. 
(about 2280 to 2460°F.) are reached inside the retorts, whereas 
outside temperatures as high as 1450°C. (about 2640°F.) are 
sometimes employed. This necessitates a rigid retort to carry 
the load at these temperatures, and it also means that the center 
wall of the furnace must be of a high-quality refractory. The side 
walls of the furnace are usually made of fireclay brick, whereas 
silica brick would be used for the center wall and roof. Hard- 
fired, high-alumina brick have been tried in the center walls 
and should give good results. The life of the retort runs from 
30 to 40 days, but the furnace itself, being quite free from slagging 
action, gives a life of several years without repairs. Table 101 
gives the service conditions for this type of furnace. 

The Continuous Zinc Distilled Furnaces . — The continuous 
furnace^ as developed by the New Jersey Zinc Company,' use a 
vertical retort constructed of silicon carbide with a section of 
about 1 by 5 ft. and a height of 20 to 25 ft. The briquetted 
charge, of coal and zinc ore is continuously fed in the top, and 
the distilled zinc is collected in condensers around the top of the 
shaft while residues arc discharged at the bottom. A single 
retort has a capacity of about (i tons of zinc per day, and the life 
of the continuous retorts is estimated at 3 years. The furnaces 
in which these retorts are placed are fired with gas. v 

The Electr other mic Zi?ic Furnace . — This type of furnace has 
been described by McBride. < 25 > It is a vertical shaft heated by 
electrical resistance of the charge itself. The refractories com- 
posing the shaft must have a low porosity to prevent zinc pene- 
tration, high softening point, and high electrical. resistance. 

' ^ bead. Outline of the Process. — Lead ores are usually 
sulfides, of which the mineral galena is most common. The ore is 
concentrated by selective flotation, and the lead concentrate is 
sintered to a firm mass, usually in the Dwight Lloyd type of 
continuous machine which does not employ any refractory. In 
this process, most of the sulfur is driven off as SO a and the lead 
is converted to an oxide. The process also produces the ore in a 
lump form, which is more suitable for the smelting operation. 
The smelting generally takes place in a water-jacketed blast 
urnace in order* to slag off the impurities contained in the ore and 
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Smelling furnace roof .Silica 2500-2040 Arch stresses Unimportant None None 
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to reduce the lead oxide to molten lead. The larger part of the 
molten lead is removed from the furnace through a “siphon tap” 
which passes through the crucible wall to the bottom of the 
crucible. The slag with some occluded lead is tapped from the 
furnace and allowed to separate in a settler from which the slag 
overflow's to a slag car. The lead is tapped out periodically. ^ 

The Lead Blast Furnace . — The lead blast furnace, as shown in 
Fig. 352, indicates that very little is used in the way of refrac- 
tories because of the almost complete water jacket. However, 
there are refractories, usually high-duty fireclay brick of good 
density, in the upper part above the water jacket. Abrasion 
is the most important factor here, as the temperature is com- 
paratively low. Refractories are also used in a crucible below 
the tuyeres ; but here again the temperature is not very high, and 
therefore the refractory requirements are chiefly low porosity and 
hardness and resistance to the action of molten lead. Dense 
firebrick are used in the crucible; but it is important that the 
joints between them be very thin, and often a chrome-base 
mortar is used for a jointing material. In some cases, plastic 
refractories of fireclay grog, ash, and coke are rammed into the 
crucible. Chrome plastics are also used to some extent, espe- 
cially for the overflow spout. - 

Lead-refining Furnaces . — Molten lead that comes directly from 
the blast furnace or from the desilvering kettles is treated in a 
reverberatory type of refining furnace' somewhat as shown in 
Fig. 353. Air is blown into the bath to oxidize iron, arsenic, 
antimony, and tin to dross, and the latter is skimmed off and 
retreated. High refractoriness is not required, as the maximum 
temperature is around 1100°C. (about 2000°F.). Temperature 
changes are not particularly great; consequently, spalling is not 
a problem. Slag action is the most serious trouble, as the action 
of lead oxide is very severe in contact wfith most types of refrac- 
tories. Magnesite brick are now generally used in the side walls 
to somewhat above the slag line, but high-alumina brick have 
also been tried. The upper parts of the furnace may consist of a 
medium-duty firebrick with moderate resistance to spalling. 
The life of a brick in the upper wall depends a great deal on the 
type of operation and the amount of antimony in the lead. v ' 

' 5. Tin.' — There are, at the present time, very few tin 
smelters in the United States; but in other countries, this is a 
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comparatively important operation. Many types of smelting 
are used, depending on the kind of ore. The metallurgist is 
fortunate in having, as his raw material, tin oxide, which can be 
readily reduced to the metal without great difficulty. The older 
types of furnace constructed are small blast furnaces much like 




Fig. 353. Typical iead-drossing furnace. (From “ Modem Refractory Practice 
courtesy of the H arbison-W alker Refractories Company.') 

the ones used for copper and lead. More recently, however, 
reverberatory furnaces have been used similar to those for copper 
ores, although on a much smaller scale. As the temperatures are ' 
comparatively low, and the tin oxide is not an extremely active 
flux, dense fireclay brick have been found adequate as refractories. 

6. Aluminum. — Aluminum is produced by the electrolysis of 
fused salts, a process that calls for no particular amount of refrac- 
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tories. Aluminum is melted, however, in the larger scale opera- 
tions in small open-hearth furnaces holding about 20,000 lb. of 
metal. The temperatures are comparatively low, and the 
aluminum oxide is not very active but builds up on the walls and 
must be regularly sliced off. A good grade of dense fireclay brick 
accurately sized and giving thin joints has proved quite satis- 
factory, although in some cases the molten aluminum has a 
tendency to attack the brick, perhaps causing a thermite reaction 
with the iron oxide particles as suggested by Burrows. (30) 

7. Nickel. — Nickel is smelted in much the same way as copper, 
the detailed process depending a great deal on the type of ore 
available. The melting of nickel is often carried out in small 
open-hearth furnaces which are made almost completely of a 
dense fireclay brick, although super-duty fireclay and 50 per cent 
alumina bricks have been used with considerable success in some 
of the later furnaces. . 
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CHAPTER XXII 

REFRACTORIES IN THE GENERATION OF POWER 

1. Development of Boiler -furnace Refractories. — A study of 
the history of the development of steam generators, as given, for 
example, in £< Steam, will show a gradual but steady increase 
in the size of the unit, the steam pressure, the super-heat tem- 
perature, and the rating. The fuel, which in the early days was 
almost universally lump coal, is now often replaced with oil or 
gas — chiefly natural gas — or pulverized coal, changes that 



Fig. 354. — Sectionally supported walls. (a) Detrick insulated wall. {Courtesy of 

Power magazine.) 

increase the temperature in the boiler furnace and, in the latter 
case, greatly accentuate the reaction of slag with the refractories. 
The boiler designer soon realized that the life of the refractories 
under such severe conditions was the limiting factor in the design 
of high-capacitA^ steam-generating units; 1 a subject that has been 
discussed by Powell (1) and Bailey. Clj) 

To improve this condition, certain modifications in the refrac- 
tory were adopted, such as the suspended wall, sometimes with 
the air for combustion pulled through ducts back of the wall to 
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keep the face temperature down to reasonable limits; There are 
many patented constructions of this type; among well-known 
ones are the Detrick, Bigelow-Lip tak, American Arch, and 
Reintjes, as shown in Fig. 354. Even this device did not prove 



(g) American arch air-cooled, panel construction with silicon-carbide face. 



( h ) Reintjes air-cooled, panel construction. 


satisfactory for the larger units running at high ratings, especially 
when pulverized coal was used as a fuel. -Under these conditions, 
it was found necessary to water-cool practically the whole furnace 
chamber, and therefore the steam-producing tube area has been 
partially transferred from the usual tube banks to the furnace 
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walls. It is well known, however, that with some low-volatile 
fuels, satisfactory combustion cannot be maintained if a large 
portion of the furnace area is kept at a low temperature p so the 
advantages of the water cooling were retained together with high 
surface temperature by the use of comparatively thin refractory 
facings in intimate contact with the water tubes. An important 
example of this practice is the Bailey stud-tube wall where 
chrome plastic is rammed between the water tubes and held in 



(i) American Arch insulated wall, 
panel construction. 



U) Reintjes wall using insu- 
lating firebrick. 


place by small studs welded to the tube surface.*" This con- 
struction will be more fully described later in the chapter. 

/ 2 * Boi l e r Furnace Using the Chain-grate Stoker. — In Fig. 355 
is shown a B & W cross drum boiler with a B & W chain-grate 
stoker. ''The bituminous coal in the hopper at the front of the 
furnace is carried slowly across the boiler furnace in a compara- 
tively thin layer and at such a rate that combustion, carried out 
by air coming through the chain grate, is complete at the end 
of the furnace and ash and clinker fall down into the ash pit. 
The refractories used in a boiler of this type would consist of 
high-heat-duty brick in the boiler furnace itself and intermediate- 
or low-duty brick in the upper parts of the setting. The front 
wall is largely of suspended construction, for which purpose 
special blocks are required. In a boiler furnace of this type, the 
s agging is not particularly severe, although there is a tendency 
for clinker to build up along the sides of the chain grate, and this 
must be sliced off occasionally, sometimes with a loss of the 
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refractory face. Side-wall water boxes or silicon carbide bricks, 
the latter often with air ventilation, are used in this zone, as the 
clinker has little tendency to stick to them. 

The baffle running across the tube bank is, in present-day 
practice, usually made of a castable mix which is rammed in place 



Ft«. 355. — Babcock & Wilcox cross drum boiler with B <& W chain-grate stoker. 
( From “ Steam courtesy of Babcock Wilcox Company.') 


against a form; the temperature, of course, never attains a high 
value. In Fig. 355, the baffle is a tile construction in front of a 
cast-won flame plate. 

The life of the brickwork depends a great deal on the operation 
of the boiler, because frequent and rapid shutdowns will introduce 
conditions of spalling that may be quite severe. On the other 
hand, more or leas steady operation will not subject the bricks 
to conditions that are at all drastic, unless high ratings are 
encountered with coal having low-fusing ash, in which case water 
cooling of the furnace is resorted to. 





use of pulverized coal where the rating is not excessive. "The 
furnace chamber in this type of boiler is of large cubic capacity in 
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order that the coal may be thoroughly burned in the combustion 
chamber. The walls of the furnace are made of high-heat-duty, 
super-duty, or kaolin brick or sectionally supported air-cooled 
rails; while the bottom is an air-cooled fireclay refractory. 
The upper part of the boiler setting, where the temperature is 
comparatively low, is often constructed of insulating firebrick. • 



Fig. 358. A section of Bailey stud-tube water-cooled furnace construction. 

( Courtesy of Babcoc/c tfc TVilcox Company .) 

Sections of the boiler furnace are often lined with a tile-and- 
tube construction where the tubes are set in formed tile. In the 
cooler portions, close-set tubes are sometimes used with light- 
weight castables. - 

In this type of boiler, the slagging action of the coal-ash 
> ag may be comparatively severe where the coals have a low- 
melting ash. Also, there is some abrasion due to the high- 
velocity fly ash passing over the refractory surfaces. y 

4. High-capacity Pulverized Coal-fired Boiler. v ^~In Fig. 357 
is shown a large steam generator using pulverized coal for a fuel, 
in which the entire combustion chamber is water cooled. The 
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without repairs. Insulation is generally used outside the brick 
wall, which means that the refractories must attain a high 
mean temperature. 

7. Waste-heat Boilers. — Waste-heat boilers are used in a 
great many industries for recovering heat in the flue gases from 
various types of industrial processes. Typical examples are the 
blast furnace and rotary cement kiln. The refractories used 



Fig. 361. — Babcock & Wilcox single-pass marine boiler. ( Courtesy of Babcock 
& Wilcox Company .) 


in the waste-heat boiler are always operated at comparatively 
low temperatures but, in general, are subjected to considerable 
abrasion, as most of the boilers operate under conditions where 
dust and ash are carried in the gases. For this reason, dense, 
intermediate-duty firebrick have been found quite satisfactory 
for these conditions. 

? 8. Black-liquor Furnaces. — The economical operation of a 
modern sulfate or soda pulp mill necessitates the recovery of the 
chemical and heat values in the waste liquor. In the sulfate or 
kraft process, in which this recovery of chemicals and heat is 
most generally employed, the wood chips are digested with a 
hot alkali solution to remove the noncellulosic portion of the 
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wood, leaving the fibers for use in making paper — the cooking 
liquor in this process consisting of sodium sulfide, Na 2 S, and 
sodium hydroxide, NaOIl The so-called “black liquor/’ which 
is separated from the cellulosic fibers after the cooking or digest- 
ing has been performed, consists of a weak solution of the lignins 
separated from the wood in combination with the cooking 
chemicals, e.g., sodium lignin sulfonates. In the more modern 
processes for the recovery of chemicals and heat from this liquor, 
the black liquor is evaporated in multiple-effect evaporators 
until it contains approximately 55 per cent solids and is then 
sprayed into a boiler furnace. The water in the concentrated 
liquor is quickly vaporized, and the resulting essentially dehy- 
drated char, consisting of the carbonaceous material and Inorganic 
salts, falls to the bottom of the furnace, where the carbonaceous 
material is burned by the admission of combustion air. As a 
result of this combustion, the inorganic salts in molten form are 
liberated and flow down through the bed of char, being dis- 
charged continuously from the furnace, whence they pass into 
a tank filled with water in which they are dissolved. The 
chemicals, on being liberated from the char as a result of com- 
bustion, are in the form of sodium sulfate, Na 2 S0 4 , and sodium 
carbonate, Na 2 COs, the sodium carbonate being unchanged in 
the presence of the carbonaceous material, but the sodium sul- 
phate being reduced to sodium sulfide in accordance with the 
formula 

Na 2 S0 4 + 4C = Na 2 S 4- 4CO 

which is an endothermic reaction. This sodium sulfide is, as 
previously mentioned, a necessary constituent of the cooking 
liquor, and the sodium carbonate is subsequently causticized 
in accordance with the formula 

Na 2 CO s + Ca(OH) 2 = 2NaOH + CaC0 3 

The conditions existing in this, furnace are extremely severe 
is far as action on the refractories is concerned, primarily in view 
)f the eroding action of the fused sodium salts. In the earlier 
orins of recovery units, soapstone blocks were generally used as 
xeing the refractory best able to withstand the action of these 
nolten sodium salts, but this material had a maximum life of 
only 10 to 12 months. In recent yeax's, the Bailey partial stud- 



676 


REFRACTORIES 


without repairs. Insulation is generally used outside the brick 
wall, which means that the refractories must attain a high 
mean temperature. 

J 7. Waste-heat Boilers. — Waste-heat boilers are used in a 
great many industries for recovering heat in the flue gases from 
various types of industrial processes. Typical examples are the 
blast furnace and rotary cement kiln. The refractories used 



Pig. 361. — Babcock Wilcox single-pass marine boiler. ( Courtesy of Bahcock 

& Wilcox Company .) 

in the w T aste-heat boiler are always operated at comparatively 
low temperatures but, in general, are subjected to considerable 
abrasion, as most of the boilers operate under conditions where 
dust and ash are carried in the gases. For this reason, dense, 
intermediate-duty firebrick have been found quite satisfactory 
for these conditions. 

‘8. Black-liquor Furnaces. — The economical operation of a 
modern sulfate or soda pulp mill necessitates the recovery of the 
chemical and heat values in the waste liquor. In the sulfate or 
kraft process, in which this recovery of chemicals and heat is 
most generally employed, the wood chips are digested with a 
hot alkali solution to remove the noncellulosic portion of the 
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wood, leaving the fibers for use in making paper — the cooking 
liquor in this process consisting of sodium sulfide, Na 2 S, and 
sodium hydroxide, NaOH. The so-called “ black liquor/' which 
is separated from the eellulosic fibers after the cooking or digest- 
ing has been performed, consists of a weak solution of the lignins 
separated from the wood in combination with the cooking 
chemicals, e.g., sodium lignin sulfonates. In the more modem 
processes for the recovery of chemicals and heat from this liquor, 
the black liquor is evaporated in multiple-effect evaporators 
until it contains approximately 55 per cent solids and is then 
sprayed into a boiler furnace. The water in the concentrated 
liquor is quickly vaporized, and the resulting essentially dehy- 
drated char, consisting of the carbonaceous material and inorganic 
salts, falls to the bottom of the furnace, where the carbonaceous 
material is burned by the admission of combustion air. As a 
result of this combustion, the inorganic, salts in molten form are 
liberated and flow down through the bed of char, being dis- 
charged continuously from the furnace, whence they pass into 
a tank filled with Avater in which they are dissolved. The 
chemicals, on being liberated from the char as a result of com- 
bustion, are in the form of sodium sulfate, Na 2 S0 4 , and sodium 
carbonate, Na 2 C0 3 , the sodium carbonate being unchanged in 
the presence of the carbonaceous material, but the sodium sul- 
phate being reduced to sodium sulfide in accordance with the 
formula 

NaaSOd + 4C = NaaS + 4CO 

which is an endothermic reaction. This sodium sulfide is, as 
previously mentioned, a necessary constituent of the cooking 
liquor, and the sodium carbonate is subsequently causticized 
n accordance with the formula 

Na 2 CO s + Ca(OH) 3 = 2NaOH + CaC0 3 

The conditions existing in this furnace are extremely severe 
is far as action on the refractories is concerned, primarily in view 
f the eroding action of the fused sodium salts. In the earlier 
orms of recovery units, soapstone blocks were generally used as 
ieing the refractory best able to withstand the action of these 
lolten sodium salts, but this material had a maximum life of 
nly 10 to 12 months. In recent years, the Bailey partial stud- 
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without repairs. Insulation is generally used outside the brick 
wall, which means that the refractories must attain a high 
mean temperature. 

7. Waste-heat Boilers. — Waste-heat boilers are used in a 
great many industries for recovering heat in the flue gases from 
various types of industrial processes. Typical examples are the 
blast furnace and rotary cement kiln. The refractories used 



Fig. 361. — Babeock & Wilcox single-pass marine boiler. ( Courtesy of Babcock 
& Wilcox Company.') 

in the waste-heat boiler are always operated at comparatively 
low temperatures but, in general, are subjected to considerable 
abrasion, as most of the boilers operate under conditions where 
dust and ash are carried in the gases. For this reason, dense, 
intermediate-duty firebrick have been found quite satisfactory 
for these conditions. ‘ 

8. Black-liquor Furnaces. — The economical operation of a 
modern sulfate or soda pulp mill necessitates the recovery of the 
chemical and heat values in the waste liquor. In the sulfate or 
kraft process, in which this recovery of chemicals and heat is 
most generally employed, the wood chips are digested with a 
hot alkali solution to remove the noncellulosic portion of the 
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(j leaving the fibers for use in making paper — the cooking 
li uor in this process consisting of sodium sulfide, Na 2 S, and 
sodium hydroxide, NaOH. The so-called “black liquor/’ which 
is separated from the cellulosic fibers after the cooking or digest- 
.*■ k ag k eeI1 performed, consists of a weak solution of the lignins 
separated from the wood in combination with the cooking 
Chemicals, e.g., sodium lignin sulfonates. In the more modern 
Processes for the recovery of chemicals and heat from this liquor, 
he black liquor is evaporated in multiple-effect evaporators 
mtil it contains approximately 55 per cent solids and is then 
prayed into a boiler furnace. The water in the concentrated 
quor i§ quickly vaporized, and the resulting essentially dehy- 
rated char, consisting of the carbonaceous material and inorganic 
alts falls to the bottom of the furnace, where the carbonaceous 
laterial is burned by the admission of combustion air. As a 
isult of this combustion, the inorganic salts in molten form are 
berated and flow down through the bed of char, being dis- 
larged continuously from the furnace, whence they pass into 
tank filled with water in which they are dissolved. The 
Lemicals, on being liberated from the char as a result of com- 
rstion, are in the form of sodium sulfate, Na 2 SG 4 , and sodium 
carbonate, Na 2 C0 3 , the sodium carbonate being unchanged in 
the presence of the carbonaceous material, but the sodium sul- 
phate being reduced to sodium sulfide in accordance with the 
formula 

Na 2 S0 4 + 4C = NaaS + 4CO 

which is an endothermic reaction. This sodium sulfide is, as 
previously mentioned, a necessary constituent of the cooking 
| liquor, and the sodium carbonate is subsequently causticized 
in accordance with the formula 

Na 2 CG 3 + Ca(OH) 2 = 2NaOH + CaC0 3 

The conditions existing in this furnace are extremely severe 
as far as action on the refractories is concerned, primarily in view 
of the eroding action of the fused sodium salts. In the earlier 
forms of recovery units, soapstone blocks were generally used as 
being the refractory best able to withstand the action of these 
molten sodium salts, but this material had a maximum life of 
only 10 to 12 months. In recent years, the Bailey partial stud- 
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tube wall with plastic chrome ore applied between the tubes 
bus been employed to a considerable extent in furnaces of this 
kind with a high degree of success. The plastic chrome ore 
»*d in this instance, owing, undoubtedly, to the cooling action 
u f the water tubes, is quite resistant to the action of soda, and 
he total life of this furnace construction has been materially 
ncreased, so that little if any work is necessary on the con- 
tractions over periods of from 4 to 6 years and even longer. ■ 
Figure 362 shows a section of a black-liquor recovery unit with 
be above-described construction of furnace, a large number of 
■hich have been installed in the kraft paper industry over the 
ast few years. 
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CHAPTER XXIII 


USE OF REFRACTORIES IN MISCELLANEOUS 
- INDUSTRIES 

1. Kilns. Periodic Kilns . — The periodic kiln is used in the 
ceramic industry mainly for the firing of refractories and heavy 
clay products, with the use of coal as the principal fuel, although 
natural gas and oil are also used. A typical example of a round 
downdraft kiln of this type is shown in Fig. 169 of Chap. X. ^ The 
maximum temperatures obtained in these kilns run from 1800° 
for some building brick to 2800° for silica brick. * 

The refractories used in the kiln are always fireclay brick, 
using loy r - or intermediate-duty brick for heavy-clay-products 
kilns and high-heat-duty or super-duty brick for the higher 
temperature kilns. Because of the fact that the kilns are heated 
and cooled fairly rapidly, silica brick would not be satisfactory. 

Recently, a number of periodic kilns have been constructed, 
having a lining of insulating firebrick, that have shown distinct 
advantages <5ver those lined with heavy types of brick. Kilns 
of this type have been used for firing common brick and also for 
firing glass-tank blocks with temperatures of 2600 to 2700°F. 
The main advantage in using the insulating firebrick is the great 
reduction in the heat stored in the walls and crown of the kiln. 
In many cases, this heat storage has>been cut down to 25 per cent 
of the value for heavy bricks. This means, of course, a sub- 
stantial saving in the fuel required for heating the kiln, a quicker 
turnover so that a kiln can produce more ware, and, perhaps 
as important, a more even temperature distribution over the 
kiln itself. 

The refractories in periodic kilns generally have a compara- 
tively long fife, many kilns in operation having had only minor 
repairs in the last 15 or 20 years. The main source of trouble is 
spalling of the crown brick over the fireboxes, shrinking and 
softening of the bag walls, and slagging from the coal ash around 
the furnaces. With the use of forced draft and forced cooling 
of the kilns, the spalling tendencies are increased but, even under 
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these conditions, are not particularly severe. The use of 
insulating firebrick has not been studied for a sufficiently long 
period to give accurate information on the life; but from indica- 
tions that we already have, it would seem that the life would 
compare favorably with the heavy brick. ^ 

/The use of outer insulation on periodic kilns is increasing, 
especially on the crown. Although it is difficult to give any 
exact figures on fuel saving, the insulation does show a definite 
increase in economy and also enables a more uniform tempera- 
ture to be maintained in the kiln. Of course, it may be necessary, 
when insulation is used on a high-temperature kiln, to employ a 
better grade of refractory to withstand the load at the higher 
mean temperature reached by the lining. ' 

| - Continuous A ilns: The tunnel kiln has been described in 
Chap. X. In general, the requirement for this type of kiln is a 
refractory lining that will give long, uninterrupted service at the 
required temperature level. There is little or no tendency to 
spall because the temperature at any one place is constant. 
Usually the side bricks must have good strength and abrasion 
resistance in case ware rubs against them during an accident. 
Therefore, in the modern kiln construction, low-heat-duty fireclay 
brick is used in the heating and cooling zones and intermediate- 
or high-heat-duty brick in the hot zones, although for some types 
of kiln running at high temperatures, super-duty fireclay or 
kaolin bricks are found useful. , 

The tunnel kiln, of course, must be very thoroughly insulated 
throughout its length; otherwise, a large amount of heat would 
be lost from the great amount of surface exposed. This is 
j aecora Phshed with insulating brick or blocks on the sides and a 
! loose insulation on the top. *' 

Some tunnel kilns have been constructed with a lining of 
insulating firebrick; but in this case, a low heat storage is not so 
important as with the periodic kiln and therefore the insulating 
firebrick does not have so big an advantage. However, from 
one point of view, this type of construction shows real economy, 
l ' e ' J in the kiln that must make a change in temperature to 
accommodate various types of ware fired. It is found that 
with the kiln lined with the insulating firebrick, a change in 
schedule can be made in a few hours with a minimum loss in 
ware during the turnover whereas with a heavy brick kiln, this 
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change of schedule may take a day or more and the loss in 
unproductive firing is much greater. Also, the lighter weight 
construction can use lighter steelwork and foundations. 

Some tunnel kilns are indirect fired and have a muffle lining. 
This muffle should, of course, have a high thermal conductivity, 
good hot strength, and stability over long periods of time. Such 
muffles are usually made of clay-bonded silicon carbide or clay- 
bonded fused alumina. There are, however, certain temperature 
ranges in which the silicon carbide tends to oxidize, and care 
should be taken to follow the recommendations of the manu- 
facturer of the refractory in its use. 

Perhaps the portions of the kiln giving the most trouble are 
the car bottoms, because they are alternately heated and cooled 
each time that they pass through the kiln and, for this reason, 
suffer from thermal shock. There also is the difficulty of the 
getting sand, used in kilns firing refractories or heavy clay 
products, falling into the cracks between the car blocks when they 
are cool; and then as the car heats up, the blocks are forced apart 
and there is a gradual growth in the size of the car top until it 
eventually rubs on the kiln. For tljis reason, car bottoms are 
usually made of large shapes, and some manufacturers blow out 
the sand from the bottom of the car with compressed air each 
time that it comes out of the kiln. Considerable success has 
been had lately with car tops made of a lightweight castable 
mix which can be put on the car very cheaply by unskilled labor, a 
construction that seems to give good life in many installations. “ 

Kiln Furniture. — In the last few years, a great deal of study has 
been made of the question of saggers, not only to increase their 
average life but also to reduce their wall thickness and weight 
for a higher efficiency. Many potteries are now purchasing 
saggers from refractory manufacturers rather than attempting 
to make their own. The old method of putting green saggers 
on top of the bungs filled with v'are for the first firing has been 
largely superseded by prefiring the saggers at a somewhat higher 
temperature than would be used, with a consequent increase in 
strength. Although a few years ago the average life of the 
sagger was only 15 burns in a kiln, a life of twice that is now 
obtained, and instances of even greater life are often found. 
The recently" developed loose-bottom sagger does much to reduce 
the heating and cooling stresses. 
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In manufacturing the sagger, care is taken in sizing the grog 
to a definite screen analysis and a more uniform structure is 
obtained in forming, often by the casting method. Although 
most of the saggers are still made of fireclay, special talc bodies 
have been tried as well as bodies containing alumina and silicon 
carbide. For glost work, the question of dusting is a very 
important one and must be considered along with the other 
characteristics of the body used. 

The open setting of ware has been making great strides in 
almost all types of whiteware firing except in the hotel china field. 
Electrical porcelains, sanitary ware, and semivitreous table 
ivare are now fired in open settings with a considerable increase 
n kiln capacity and a lower fuel cost per unit ware. The open- 
ietting method consists in supporting a series of slabs on corner 
)osts until the car is built up to the required height/ as shown in 
Pig. 316, Chap. XVIII. Attempts are made, of course, to keep 
he thickness of the slab to a minimum and give the whole 
structure the greatest possible life. The furniture is usually 
nade of clay-bondecl silicon carbide, although clay-bonded 
used alumina and zircon refractories have been used. Many 
ngenious methods have been developed for supporting the slabs 
o minimize expansion stresses and still give a stable structure. 
There is still some difficulty with the slabs made of silicon carbide, 
ei that they tend to increase in size, or grow, owing to gradual 
ixidation, each time that they go through the kiln. However, 
ome of the more modern types of refractory have minimized 
Ms difficulty by surface coatings or other means to protect the 
ilieon carbide from the air. ^ 

2. Glass Refractories. General Types of Melting Furnace . — 
hass is melted in a number of types of furnace, one of them being 
he pot furnace where the glass is melted in open or closed pots, 
imilar to a crucible, with the heat applied to the outside. This 
rpe of melting would be used for small batches of glass or glass 
ecessitating very careful control, such as colored or optical 
lass. For larger production, small reverberatory furnaces 
died “day tanks are used where the glass is melted in a hearth 
sually by producer gas using regenerators. The batch is 
idted down and worked out usually in a 24-hr. period; a new 
atch put in; and the process continued. For larger quantities 

glass, the continuous tank is universally used, where raw 
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Fig. 363- — (a) Plan view of producer-fired regenerative-type glass furnace. 
(£>) Half section on center line of first port, producer-fired regenerative-type 
glass furnace. ( Courtesy of Owens-Illinois Glass Co., Toledo, Ohio, from “ Manual 
of A.S.T.M. Standards on Refractory Materials .”) 
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materials are fed in at a steady rate at one end and the glass 
drawn off continuously at the other end. These continuous 
tanks may be classified as bottle tanks for making containers 
and sheet-glass tanks for making window and plate glass by the 
continuous process. 

jA Typical Tank for Bottle Glass . — It will, perhaps, be best to 
take as an example of a continuous tank for making bottle glass 
the furnace shown in Fig. 363. This furnace consists of a melting 
chamber fired by producer gas preheated by a series of regenera- 
tors and a refining section connected to the melting section by a 
throat below the surface of the glass. This refining section 
receives no direct heat but is kept hot by conduction and radia- 
tion from the melting section. The temperature in the melting 
section is around 2600 to 2800 °F.°; whereas in the refining section, 
it is reduced to perhaps 2300°F. From the refining section, the 
glass is drawn out into forehearths that have separate burners 
to maintain a uniform temperature. 

- The glass tank below the surface of the glass is composed of 
flux blocks which are generally a dense fireclay-grog-ganister 
mixture in comparatively large units in order to reduce the 
number of joints. A common size of these blocks would be 
12 X 24 X 42 in., and they are usually ground accurately to 
size so that the joints are as thin as possible. No insulation is 
used around the bottom of the tank, as the higher mean tempera- 
ture would permit more rapid solution of the blocks in the glass 
and also would tend to float the blocks out of the bottom. In 
fact air cooling is regularly used on the outside of the blocks. . ■ - " 
The upper side walls and roof of the glass tank are constructed 
of silica_ brick, which are often used for the ports. Kaolin 
brick are finding increasing use in the upper parts of the tank. 
An Table 103 is shown a classification of refractories used in 
the bottle-glass furnace together with their operating conditions, 
dt is rather difficult to give any figures on the life of refractories 
in the glass-tank operation because it is so dependent on the 
type of glass, melting conditions, etc. It is usual, however, to 
run a continuous glass tank for six months to a year before the 
blocks wear so thin that a shutdown is necessary. The usual 
soda lime glass of window or bottle composition is not so active 
in attacking the blocks as the borosilicate glass or the opal 
glass. '/ 



Tarle 10 ) 1 .-- Classification of Refractories fou Glass Furnace 
‘ (From “Manual of A.S.T.M. Standards on Refractory Materials”) 
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Mantle block. . ' / Rreciay ^ ock 2500°F, (1370°C.) Severe Moderate Important 

l High-alumina block 

Begenerator wall crown Fireclay brick Upto2000°F.(1090°C.) Moderate Moderate. Severe in some 
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The tendency is to use more and more insulation in the upper 
parts of the modern glass tank. It is now standard practice to 
insulate the regenerator chambers and often the uptakes and 
side port walls as well. Quite a number of insulated crowns 
are in use at the present time, but this construction is still viewed 
with suspicion by many operators. 

Tank Blocks .- — The demands on the flux blocks in the glass 
tank are particularly exacting, as the blocks are in contact 
continuously with the molten glass, and especially in portions 
where the movement of the glass is rapid, such as at the metal 
line and through the throat blocks, the attack is severe. Blocks 
for this service must have a low porosity, and particularly they 
must be free from flaws and laminations, which serve as an enter- 
ing wedge for the glass erosion. Some believe that it is more 
important to have the pores all below a certain size than to have 
a minimum porosity, because apparently the surface tension 
of the glass will not permit it to enter pores below a critical 
size. Therefore, experience has shown that certain types of 
block, even with medium porosity, give good results if the pore 
size is very small. On the other hand, blocks with practically 
zero porosity made by casting the molten materials give good 
resistance to certain types of glass. - 

The chemical composition of the block does not seem to be so 
important as the physical characteristics. However, blocks 
made of mullite or alumina appear in general to have a resistance 
superior to those made of fireclay mixtures. Certain types of 
refractory, e.g., chromite, that would be quite resistant to the 
glass cannot, of course, be used because of the color imparted to 
the glass. 

Glass Pots . — The glass pot for melting glass is made of a care- 
fully prepared fireclay-and-grog mixture with particular care to 
get a homogeneous structure. This is accomplished in modern 
practice by slip casting the pot in one piece from a high-density 
slip carefully deflocculated to give sufficient fluidity for pouring. 
The pot must have sufficient mechanical strength and resistance 
to creep at high temperatures so that the heavy load of glass 
will be supported without failure of the refractory. Here again 
it is difficult to give any definite figures on the life of the pot 
because it depends so much on the batch melted, the method of 
heating, and the type of fuel. However, pots often last for 
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10 to 20 melts before failure. In the manufacture of optical 
glass, the pot is used only once, because the batch and pot are 
cooled together and the pot is cracked away from the solidified 
glass, s./ 

. 3. Refractories in the Cement and Lime Industry. Shaft 
Kilns for Lime Burning. — All the lime was burned in shaft kilr .« 
in early days; and even now, the smaller plants use this type of 
kiln. As shown in Fig. 364, the kiln consists of a vertical shaft 
into which the raw material is fed at the top and the burned 



material pulled out at the bottom. Coal-fired grates supply the 
hot gases necessary for the burning operation. ^ 

■ These kilns are lined with a dense fireclay brick to stand the 
abrasion of the moving charge; but recently, super-duty fireclay 
brick have been used successfully for high-temperature parts. 
Success has often been obtained by using silica brick around the 
eyes of the kiln. - 

Rotary kilns are now used for burning lime in the larger plants 
and, in construction, are very similar to kilns for Portland 
cement manufacture. The lining of these kilns is usually made 
of super-duty fireclay block or high-alumina block. Por the 
hot zone, magnesite blocks have been successfully used with 
steel-sheet inserts between the individual blocks. / 

Kilns for the Manufacture of Portland Cement Clinker , — Port- 
land cement is made from a mixture of limestone and clay. 




Rotary cement-kiln lining. {From '‘Modern Refractory Practice ” courtesy of the II arbison- Walker Refractories Company .) 
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merit rock, or slag, which will give approximately the following 

niposition : 

. Per Cent 


SiOo 

23 

Fe 20 3 

3 

AI 2 O 3 

S 

CaO 

63 

MgO 

2 

SO* 

1 


Two general processes are in use: one in which the raw materials 
re dried, ground, and fed into the kiln as a powder. In the 
rher, the materials are wet ground and fed into the kiln as a 
lurry. Most of the Portland cement manufacture in this 
nmitry is carried out with the dry process; whereas in Europe, 
he wet process is favored. As far as the refractories are con- 
erned, there is no great difference between the two methods. 

Table 104. — Usual Sizes of Rotary Kilns 
(From “ Portland Cement” by Meade; 


Inside diameter, 
ft. 

Length, 

ft. 

Capacity, 
bbl. per day 

6 

60 

200 

7 

100 

430 

S 

125 

625 

9 

150 

1,100 

9 

175 

1,430 

9 

200 

1 ,775 

r 10 

175 


10 

200 

1 ,775 

10 

250 


11 

250 



The rotary kiln lining, as shown in Fig. 365, is composed of 
special blocks usually of high-alumina material. In the hot end 
f the kiln, blocks are 9 in. thick; whereas in the cooler end, they 
ure 0 in., and often insulation is used back of them in this portion. 
The temperature at the hot end of the kiln is rather high, reaching 
as much as 3000°F. (1650°C.), but there is little spalling. At the 
fool end of the kiln, the charge abrades the lining to some extent ; 
and in the hot end, the clinker, which becomes soft, builds up a 
hver on the refractories and, under proper operating conditions, 
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protects them from slag attack and abrasion ;j.e the most] 
satisfactory refractory is one that mil best hold this layer of 1 
clinker Recently, kiln linings of chemically bonded magnesite 
brick have proved very satisfactory as might be expected from 
the basic character of the clinker- In Table 104 are given the 
common sizes of rotary kilns for cement manufacture^ 

4 Gas Production. By-product Coke Ovens. In this t\pe of 
oven, the coking is carried out in a narrow chamber 16 to 22 in. 
wide 10 to 12 ft. high, and 30 to 36 ft. long. The bituminous 
coal is fed in at the top until the chamber is full; then the coking 

f ~Top Mat- 



Section 

X-X. 


{--Foundation 
Mat 


Main Fives 


—By-product coke oven. 


Longitudinal Section 

{Courtesy of American Refractories Institute > 


Fig. 30G-- 

takes place by heat applied to the outer walls of this chamber 
After the coking has been finished, the charge is pushed out of 
the chamber laterally and at once quenched. The gases escaping 
during the coking period (12 to 30 hr.) are collected m a la.ge 
main and treated for removal of the by-products. A section f 
the Koppers type of by-product coke oven is shown m Fig. 3 • 
It will be seen that the heating is regenerative, the gas usu . 
being supplied by the coking process itself. . 

The walls of the coking chamber are comparatively thm to 
give low thermal resistance and therefore must have goo 
mechanical strength. The refractory used is sil hca bi , 
pores of which are more or less filled with coke aftei long op 
tion The bricks must, of course, be quite resistant to to 
abrasion of the entering and leaving charge, and theie is 
rapid temperature change when the coal is dropped into 
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, ,y, 1-hot oven chamber. Care must be taken not to allow th«* 
■ temperature to drop to the critical temperature for >ili<*u brisk. 

sometimes fireclay brick are used at the end of the uven> where 
i .gulling may occur. Table 105 gives a survey of the condition- 
jp <( V the refractory in this type of oven. 


J ■ i: 305. — C LAssiFir.vnox of Hefra( - nmas for Bv-i*r« < r < 
t ' Ovens 

From “ Mamuil of A.S.T.M. Standards: for Refractory Materi; 






Load us 
given fur 

L* ad 



Part 1 

.-v-e Fig. 306 > 1 

Material 1 
used 

Temperature* 

Slagging 

Hoppers 
ovens 
lb. p*-r 
sq. xs-. 

Mjivsiy 

.1 bra.- 

■’ 4 

f, 'iindation mat 

Fireclay 

brick 

1830°F. 

(1000°C.), max. 

No 

25 to 30 i 

Important 

N, , 

V 

*, flues : 

Silica brick 
and fireclay 
brick 

1000°F. (540°C.) 
extraordinary 
1300 to 1400 C F. 

< 705 to 760°C\) 

No 

16 to 20 

Important 

N 


r S'nch wails. 

of checker 1 

Silica brick 

1S30°F. 

(1000 C C.), max. 

No 

is to 2u 

IxnfK rtai.t 

N, 

V 

■ h.iriib' r~ 

Silica brick 

1830 to 2550°F. 
(1000 to 1400°C\ » 

No 

20 to 25 

Im.x.rtuut 

-* 


‘"fi " 

Fireclay 
brick and 
silica brick 

1830 to 2730°F. 

C 1000 to 1500°C.) 

No 

S to 10 

Nu 



' Vru.ii walls inside 

Silica brick j 

1S30 to 2550°F. 
(1000 to 1400°C.) 

| No 

j 


No 

No 

- V 

• 'una:n walls outside 

Fireclay 

brick 

300 to 1S30°F. 
(200 to 1000°C.) 

S No 


No 

S’ 1 

N • 

' 1 tp r division walls 

j 

Silica brick 

1830 to 2550°F. 
(1000 to 1400°C.) 

! No 

| 12 to 15 

Important 

N\: 

!% 

F'ut blocks 

Silica brick 

2190 to 2730°F. 
<1200 to 1500°CV> 

i Tso 

! 


Important 

J '^r 

N 

1 n<n chamber floor 

Fireclay 

brick 

1S30 to 2190°F. 
(1000 to 1200°C.) 

1 No 

I 

j 3 to 6 

No 

Irapor- 


; >V» 21 X.'f .... 

Silica brick 

1830 to 2190°F. 
(1000 to 1200°C.) 

| No 

j 

: 6 to lti 

Important 

Nu 

N, 

i tvs u roof ends . 

Fireclay 

brick 

1830 to 2190°F. 
(1000 to 1200°C.) 

j Ko 

5 to 19 

Important 

No 

N 

No 

! 'barging holes .... 

Fireclay 

brick 

1470 to 2190°F. 
(800 to 1200°C.) 

! No 


No 

Sight 

: Junb blocks 

Silica brick 
and fireclay 
brick 

1830 to 2730°F. 
(1000 to 1500°C.) 

; no 

! 

’ 15 to 20 

No 

Impor- 

tant 

Impor- 

tant 

1 Top mat 

Fireclay 

brick 

1110 to 1S30°F. 
(600 to 1000°C.) 

: No 

! 5 to 10 

No 

No 

No 


Us# equivalent centigrade temperatures given in parenthesis are to the nearest five degrees. 
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Water-gas Generation. — Gas produced in this manner take- 
place by the following process: A chamber filled with a bed of hot 
coal has air blown through it to increase its temperature and 
produce a gas of nitrogen, carbon dioxide, and carbon monoxide 
which is burned in a second chamber called a “carburetor"' 
partially filled with checker bricks, thus raising their temperature 
Sometimes a second eheekerwork is used as a preheater The 



second part of the cycle consists in shutting off the air blast and 
passing steam through the hot coal which gives off hydrogen and 
carbon monoxide. This passes through the carburetor where 
it is preheated and enriched by the gas produced by spraying 
oil on to the hot checkers. As soon as the eheekerwork is cooled 
to a predetermined value, the cycle is repeated. - In Fig. 367 is 
s cmn a cross section of a typical water-gas generator operating 
on this principle. The refractories used are fireclay, as the 
temperature is not particularly high, but considerable resistance 
o spa ing is necessary in the carburetor. Also, since the condi- 
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tions for the most part are highly reducing, the bricks must be 
capable of withstanding the disintegrating effects of hydrogen 
and carbon monoxide. 

5. Incinerators. — Incinerators are used extensively for com- 
bustion of refuse and require refractories capable of standing 
sudden temperature changes, but they need never undergo very 
high temperatures. Therefore, a low-heat-duty brick with 
good spalling resistance is generally satisfactory. 

6. Domestic Heating. — The increasing use of oil burners for 
domestic heating has made a really large field for refractories, 
even though the number of bricks in any one unit amounts to 
only a few dozen. The temperatures in this service are low, 
but the bricks must be quite resistant to spalling due to the 
intermittent action of the burner. In many types of installation, 
standard-size brick are used; but in a few cases, special shapes 
are assembled to reduce the labor cost. 

The use of the insulating firebrick in this type of service 
has been increasing rapidly in the last few years because it permits 
a high temperature to be built up on the surface of the refractory 
immediately after the burner has started, so that efficient com- 
bustion takes place during the whole operation with less produc- 
tion of soot and lower consumption of oil. As the burner is only in 
operation for short periods of time, the immediate attainment of 
efficient combustion is very important. It has also been found 
that the sound-absorbing qualities of the porous insulating fire- 
brick are very helpful in reducing the noise of the burner flame. 7 ^ 

7. Paper-mill Refractories. Sulfite Process . — For sulfur- and 
pyrite-burning furnaces, high-heat-duty or super-duty fireclay 
brick are generally employed. y 

Soda and Sulfate Processes . — Refractories are required here for 
smelters, rotary incinerators, rotary and shaft kilns, and sludge 
recovery kilns. The slagging action is very severe in the smelting 
and recovery furnaces, as the soda salts are active fluxes. For the 
lower parts of these furnaces, soapstone or chrome brick are used, 
jand dense high-heat fireclay brick are often employed in the upper 
portions. - Black-liquor furnaces are discussed in Chap. XXII. 

8. Enameling. Cast Iron. — Cast-iron enameling is generally 
carried out in recuperative-type muffle furnaces. The muffle, 
which is comparatively thin, is made of high-conductivity 
material, either silicon carbide or bonded alumina. The furnaces 
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are generally underfired, and the refractory requirements of the 
piers holding up the hearth are rather severe, as the brick are 
heated all the way. through and must carry a heavy load. For 
this purpose, high-burned kaolin or mullite brick have been 
found very satisfactory . The walls of the furnace itself are 
generally made of high-heat-duty firebrick, and insulation is 
often used outside this. Since the doors of these furnaces must 
be quick acting, they are often lined with a lightweight ' castable 
mixture or with insulating firebrick that are tied into the door 
casing. This not only permits a rapid operation of the door 
but makes conditions much more comfortable for the men work- 
ing around the mouth of the furnace.* 

— Sheet-steel Enameling . — In this type of furnace, a muffle 
construction is used; but in many of the modern continuous 
furnaces, very little refractory is required, as the heat is supplied 
by radiant metal tubes inside which the combustion takes place. 
The v r alls of the furnace outside these tubes can readily be con- 
structed of insulating firebrick, since the requirements in the 
way of temperature, load, and spalling are not at all severe. 

-w Enamel Fritting . — Enamel frit is made in rotary oil-fired fur- 
naces or in small tanks. In the former case, the lining is made 
from circle blocks of fireclay material. It is desirable to have 
the blocks as free from iron specks as possible. In the tank, 
the conditions are about the same as for glass melting, and there- 
fore dense flux blocks are generally used. . 


Kilns: 

See Chap. X 
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CHAPTER XXIV 


BRICKWORK CONSTRUCTION 


1. Foundations. — The foundations for kilns or furnaces are 
usually made of reinforced concrete to carry "the usual engineering 
loads. These loads include not onty the weight of the furnace 
itself and its charge but the thrust of the buckstay foot. As 
concrete loses considerable strength at temperatures above 
400°C., it will be found necessary to protect the foundation from 
overheating if it is expected to maintain its full strength. 



Fig. 36S. — Supports for an open-hearth bottom. 


In some cases, the foundation is poured with a lightweight 
concrete containing a quartz-free aggregate. A mixture of 
crushed brickbats and high-alumina cement is generally preferred, 
a material that can be heated to elevated temperatures without 
cracking or entirely losing its strength, although it cannot be 
depended upon to support any concentrated loads. When rein- 
forcing is used in foundations subjected to heat, the expansion 
characteristics of the high-temperature concrete and the rein- 
forcing rods should be investigated to prevent a differential 
expansion from cracking the foundation. 

In certain types of furnace, the bottom is supported directly 
on the steelwork. For example, the open-hearth furnace, a 
section of -which is shown in Fig. 368, has the bottom on a steel 
plate which is supported by a series of H beams, thereby provid- 
ing ventilation as well as a rigid support. The glass-tank bottom, 
as shown in Fig. 369, has the flux blocks supported directly on 
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H beams, which permits the underside of the blocks to be air 
cooled. 

2. Floors and Hearths. Insulation . — The floor or hearth of a 
furnace is usually insulated from the concrete foundation, both 





V- 


- - Glass 

- Flux, 
blocks 

- I-beams 


— T beam 


Fig. 369. — Construction of the bottom of a glass tank. 

to conserve fuel and to prevent overheating of the foundation. 
The insulation is often accomplished b}^ putting down a layer of 
hollow tile on top of the concrete foundation. In other cases, 
discarded steel boiler tubes are set in the upper surface of the 
concrete foundation, a few inches apart, to allow ventilation. 
Another method uses a layer of cinders tamped over the concrete 
foundation, on top of which are laid several courses of firebrick. 
In the smaller furnaces, two or three courses of insulating brick 
may be laid on the concrete and then heavy brick placed on top 
of them. ‘Many furnace designers do not appreciate the large 
amount of heat that may be lost through the foundations if the 
insulation is not well taken care of. 

Shapes and Bonds . — Most of the hearth structures are laid up 
with standard-size brick, a common type of construction being 
shown in Fig. 370. In some cases, however, larger blocks are 
used in the hearth to minimize the number of j oints and to make 
larger units for reducing the tendency to float. In the case of the 
blast furnace, hearth blocks 18 X 9 X 4J^ in. are generally used. 
Sometimes these bottoms are keyed in to prevent floating. In 
the case of glass tanks, the bottom is made of large flux blocks 
often 24 by 48' in. across the face. Here again, the purpose is to 
minimize the joints and prevent the bottom from floating. 

Expansion Joints . — It is just as important to have expansion 
joints in the hearth as in the walls, because failure to take care 
of this expansion will force out the base of the furnace and bend 
the buckstays or cause buckling of the bottom. The expansion 
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joints may be put in the hearth, as shown in Fig. 370, although 
expansion joints directly under the walls are not considered 
good practice by some designers. The amount of expansion to 
be left is considered more fully under the section on walls. 

Monolithic Construction . — Many types of furnace hearth are 
constructed of a monolithic slab. The material may be mag- 
nesite grain as in the open-hearth furnace, chrome plastic as in 



Fig. 370. — Method of construction sometimes used in heating furnace bottoms. 
(From “ Modern Refractory Practice,” courtesy of the Harhi son- Walker Refrac- 
tories Company.) 

the bottom of a powdered coal-fired boiler, or beach sand as in a 
malleable-iron furnace. There are two general methods of 
putting in the monolithic material. The first is to place it in 
dry, perhaps with a little slag, and sinter it down in layers until 
a firm hearth is produced. The other method is to ram in the 
plastic mix, while it is wet, to a homogeneous structure, then 
dry it out, and fire it in place. Refractory concrete, made with 
either ordinary or lightweight aggregate, is used to form mono- 
lithic hearths, particularly for car-bottom furnaces and tunnel- 
kiln cars. 

3. Walls. — The walls of a furnace are primarily for the purpose 
of retaining the heat in the working chamber. To be satis- 
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factory, however, they must be stable under the severe operating 
conditions encountered, h^xperience has shown that certain 
limiting factors must be understood before satisfactory con- 
struction of walls can be accomplished. ' 


Table 106. — Safe Wall Heights for Unanchored Walls 

Maximum Height* of Wall 
without Anchors but Arch 
Wall Thickness, In. Supported on Top of Wall Ft 
4K 3 

9 7 

13 ^ 12 

18 15 

* When wall does not support arch, the safe height is decreased 20 per cent. 

Table 10T. "Walls Made of One Kind of Brick 


Wall Thickness, In. 

Number of Straight 
Brick per Sq. Ft. 

2 H 

3.6 

4 M 

6.4 

9 

12.8 

13M 

19.2 

18 

25.6 

22K 

32.0 

27 

38.4 

36 

51.2 


Refractory Lining of a Composite Wall 

9, fifth course tie 14 

9, fourth course tie 14,4 

4!*}, fourth course tie 8.0 

4h£, third course tie 8.5 

4hj, alternate header and stretcher .* 9.6 

Alternate 9 // and 133^ ,A courses 16.0 

Backing-up Insulation of a Compound Wall 

9, fifth course tie 11.5 

9, fourth course tie „ 11.2 

4h£, fourth course tie 4.8 

4^2, third course tie 4.26 

4,hj, alternate header and stretcher 9.6 

Alternate 9" and 13M" courses 16.0 


' Thickness . — The thickness of the wall depends a good deal 
on the conditions encountered. From the^. point of view of 
stability, the higher walls must be thicker^' as shown in Table 
106. On the other hand, if the wall. is subjected to severe slag 
attack or spalling, extra thickness must be built into it to give it 
a reasonable amount of life. "' Table 107 gives the number of 
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brick required for various thicknesses of wall, both solid and 
composite, data that will- be useful in brickwork estimating 1 
Table 108 gives the weight of various types of refractory for 
computing wall weights. 


Table 108. — Weight op Refractories 


Material 

Fireclay brick 

Super-duty brick 

High-alumina brick: 

50 

60 

70 

Fused AI 2 O 3 

Kaolin brick 

Silica brick 


Weight per Cubic Foot 
120-140 
130-150 

125-135 

130-140 

140-150 

153-196 

130-135 

100-110 


Magnesite brick: 

Burned 160-175 

Chemical bonded 180-185 

Chrome brick: 


Burned 

Chemical bonded 

Silicon carbide brick 

Forsterite brick 

Insulating firebrick: 

1600°F 

2000 C F 

2300 °F 

.. 2600 °F 

2800 °F 

Insulating brick 

Lightweight, castable 

Fireclay plastic 

Chrome plastic 

Mortar, high temperature 

Mortar, chrome 

1 eu. ft. of firebrick requires 

1 cu. ft. of red brick requires 

1,000 firebrick closely packed occupy 


180-190 

180-195 

136-158 

150-160 

19- 30 
28-40 
30-45 

39- 55 

40- 60 

20- 35 

55-80 (45-75 fired) 

120-130 

175-200 

90-120 

125 

seventeen 9-in. straights 
21 std. brick 
60 cu. ft. 


Bonds . — There are four ways of laying a standard brick, as 
indicated in Fig. 371. Nine-inch walls of one material are 
usually laid with all headers or wdth alternate header and stretcher 
courses. The rowlock courses are used for changing the height 
of the course, for sills and for some floors but are not often used 
in wall construction with refractories. The soldier courses are 
not particularly stable and would not be used where they are 
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expected to carry any amount of load. In building the thicker 
types of wall, it is necessary to bond the different layers together 
into a strong unit. Typical methods of bonding are shown in 
Fig. 372 for walls of different thickness. It should be noted 
that at the end of a wall, it is better to break the joint with a 
in. brick, referred to as a large 9-in. straight, rather than 
with a soap, as this construction gives much greater stability. 

With composite walls, e.g., a combination of heavy brick and 
insulating firebrick, it is necessary to tie one layer into the other. 



The general rule is that the tie should be made of the stronger 
layer, as it is less apt to break off:- A number of methods of 
tying composite walls are shown in Fig. 373. In many cases, 
the tie brick can be made with soaps rather than straights when 
using an insulating-firebrick lining, which reduces the heat 
conductivity of the wdiole. 

Many types of furnace construction are carried out with bricks 
larger than the 9-in. size for more rapid laying of the brick or 
for more solid structures. The 3-in. brick series is commonly 
used; and in some of the steel furnaces, still larger units are 
found useful. It should be noted that the dimensions of the 
standard brick are not ideal for the purpose of efficient laying. 
Strictly speaking, the thickness of the brick should be definitely 
related to the width and length, so that the brick could be tied 
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into the structure no matter in what position it was used. For 
example, if we consider the length of the brick 9 in. and use 
a joint, the dimensions would be 9 X 4 X % 2 X 2 1 ^ 6 



Fig. 372. — Bonding of walls built with, standard 9-in. brick. ( From “ Modern 

Refractory Practice courtesy of the Harbison-Walker Refractories Company.) 


Under these conditions, a rowlock course would equal two 
stretcher courses and one soldier course would correspond 
exactly to three stretcher courses. It will be seen that the 
3-in. brick closely fulfills these conditions. 
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Expansion Joints . — All except the smallest refractory strue 
tures must have allowance made for expansion on heating 

2 

1 

2 
f 

2 

f 

C°0 


Corrugated ccrr board 
often usee/ in Joints—. 

2 

! 

2 
1 

2 
I 


ElevorKon of hot face 

Cb) 

Fig-. 374. — Expansion joints in walls. (a) 13}>2-in. wall, alternate header and 
stretcher construction. ( h ) Built of magnesite brick, 9-in. header construction. 
( From “ Modern Refractory Practice,” courtesy of the H arbison-W alker Refractories 
Company.) 

Considerable experience is necessary to know how many and 
what size expansion joints are to be used, but it is better to 
allow a little too much than not enough. An expansion joint 


Large 9" straight 1 '*' 

Fig. 375 . — Double expansion joint in wall near corner. 18-in. wall, alternate 
courses showing header and stretcher construction. ( From “ Modern Refractory 
Practice,” courtesy of the H arbison-W alker Refractories Company.) 

in a wall can be a straight vertical joint, or it can be a broken 
joint, as shown in Fig. 374. In other types of construction, 
particularly when using silica and magnesite bricks, the expansion 
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js taken care of by inserting a piece of cardboard in each vertical 
joint of the wall. This burns out and allows the individual 
bricks to expand freely. 

When regular expansion joints are used, it is common in high- 



Fig. 376. — Expansion joint arrangement, 9-in. thick insulating firebrick wall. 
{Courtesy of Babcock & Wilcox Cornpany.') 


intermediate positions if necessary. In Fig. 375 are shown 
typical expansion joints near a corner. Figure 376 shows an 
expansion joint used with insulating firebrick inside a steel 
casing. If it is necessary to keep the expansion joints gastight, 
loosely packed asbestos rope or mineral wool can be used on the 
cooler face to seal them entirely.'/ 

Horizontal expansion joints to allow for vertical expansion 
are sometimes required, as in sectionally supported walls and 
where the arch is supported independently of the walls. / 
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In Table 109 is given the width of expansion joints in inches 
per foot of wall for various types of refractory and at various 
temperatures . 

Table 109. — Width of Expansion Joints in Inches per Foot of Wall 

Length 


Maximum hot-face temperature 


Type of refractory 

1500 

2000 

2500 

3000 



Mg 




2 

H 


M 

Silica . 

He 

y- 'S 2 

H 2 

Mi 2 

Chrome 

Mg 

%4 

2 

M 2 

Silicon carbide \ . . . 

* 1 3 ' 2 

%4 

Me 

mI 

Kaolin 

V 3 ' 2 

H 4 

Me 

Hi 







Fig. 377. — Anchor arrangement. ( Courtesy of Babcock & Wilcox Company.) 

~~ Methods of Anchoring the Wall . — When very thin or high walls 
are used, they must be anchored at certain intervals to the casing 
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or steelwork to prevent buckling. The design of anchors has 
been greatly improved in the last few years and has thereby 
permitted the use of much thinner walls in many types of furnace. 
This anchoring is usually accomplished by a bolt fitting into a 
special brick. In Fig. 377 is shown one method of anchoring 
an insulating firebrick wall with a heavy brick tile. Figure 378 



Fig. *"378. — Method of holding insulating firebrick to casing. ( Courtesy of 
Babcock & Wilcox Company.) 

illustrates another method, where a T-headed bolt fitting into a 
vslotted brick makes an excellent construction, 

' The number of anchor bolts required for higher walls must 
be carefully worked out for efficiency and safety. 1 The chart 
shown in Fig. 379 gives suggested vertical locations for anchor 
bolts in 9 in. thick walls. 

v High ‘walls, such as those used in boilers, even w T hen 18 to 
in. thick must be anchored. This can be carried out 
by the use of special anchor tile as furnished by the various 
manufacturers. •/ 
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Insulation . — When insulation is applied to the outside of the 
wall, it may be tied in as shown in Fig. 373 or it may be placed 
between the refractory and a steel casing in the form of a block. 
In some types of construction, the outer face of the wall is made 
of red brick to protect the insulating material. This con- 
struction is stable, but it increases the heat storage of the wall, 
which is a disadvantage for intermittent operation, and also 
requires additional floor space. Many insulated furnaces simply 
have the corners protected with angle iron, and the face of the 
insulation is coated with a hard-face cement and possibly an 



Fig. 379. — Stagger anchors on 18-in. (plus joints) horizontal centers. ( Courtesy 
of Babcock & Wilcox Company .) 

asphalt coating for waterproofing. Another method of. pro- 
tecting the insulation is to use a casing of approximately 10-gage 
sheet steel. 

4. Doors, Ports, and Flues. Door Openings . — The door 
openings in most furnaces are among the most troublesome 
points in the structure, both because they mechanically weaken 
the wall and because the door frame must take considerable 
abuse from charging and hot gases. One of the first rules in 
door construction is to keep the width as small as possible 
compatible with access to the furnace. A typical door structure 
is shown in Fig. 380 a] where a 4J4-in. arch is thrown over the 
top of the opening and bonded into the w^all. As the front 
9-in. bricks are apt to be knocked loose, the sill of the door 
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I should be made of a solid construction. This may be accom- 
* plished by using a rowlock course bonded with air-setting mortar 
or by using larger than 9-in. brick. Figure 380 b shows a door 
opening, or port, of somewhat smaller size made up of special 
shapes, a construction that generally gives excellent service. 



In Fig. 380c is shown a wall opening with a heavy tile across the 
'top. This construction, although satisfactory for low-tempera- 
ture work, is to be avoided for high-temperature furnaces, as 
the tile usually cracks in the center and the broken ends sag. 

! In the low-temperature structures, a steel door jamb is often 
I placed outside the wall to protect the brickwork. This is welded 



together from standard angle iron and makes a solid structure, 
as shown in Fig. 381a. For higher temperature furnaces, such 
as the open hearth, a water-cooled door jamb is generally used, 
lit holds the brickwork in shape and resists to a considerable 
extent the abuse to which it is subjected from the charging 
machine. ' 

Doors . — Doors on furnaces almost always slide in vertical ways 
with a counterweight to balance them approximately. The 
weight of the door should be kept as low as possible, in order to 
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reduce the cost of the supports and make the operation quicker. 
Two general types of door are the fiat door and the arch door 
as shown in Figs. 381 b and 381c, where the shapes are locked 
into the door frame to prevent them from bowing in. Such a 
door will stand considerable mechanical abuse, but it is rather 
heavy and conducts much heat out of the furnace. , 



Pig. 3S2. — Burner tile set in wall. 


More recently, furnace doors have been lined with lightweight 

concrete, held in place by hook 
bolts as shown in Fig. 38 Id. This 
construction is very simple to re- 
line, gives a light door, and has a 
comparatively low heat conduc- 
tivity. Another construction for 
higher temperature use is shown 
in Fig. 381c, where the door is 
lined with insulating firebrick held 
into the door frame. This gives 
a lightweight construction and one that is an excellent insulator; 
the latter is a factor of great importance to the comfort of the 
men working around the furnace. J 

Ports and Burner Openings . — Ports or openings in the furnace 
walls, when large, are constructed in the same way as described 
for the door openings. When the ports are smaller, a special 
shape often is set into the wall with the proper opening molded 
into it, or a number of shapes are fitted together to form the 
opening, as would be the case in burner tile as shown in Fig. 382. 
It is often found practical to form the port or opening out of 
plastic material which is “rammed into place around the form 
in a rectangular opening in the brickwork. When properly 
made, such a construction often works out very satisfactorily 
and avoids the necessity of purchasing special shapes. Such 
plastic structures, however, are generally not so abrasion resisting 
as fired shapes and are not so satisfactory for extreme tempera- 
ture conditions as preburned tile. 

When walls are constructed of insulating firebrick, the ports 
or openings, when small, can often be cut directly in the wall 
after it has been finished. For larger openings, specially cut 
shapes can be used to advantage. 

Flues and Ducts . — Flues and ducts for high-temperature 
use are lined with a refractory. The smaller sizes are usually 
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rectangular; and the larger ones circular, in which case arch or 
circle brick are generally employed. Where the moving gases 
in the duct do not carry a large amount of suspended particles, 
the ducts can well be lined with insulating firebrick, as a much 
thinner layer can be used because of its better insulating value. 
This, in turn, will allow a very much lighter lining which means 
lower cost of steelwork and 
supports. The cost of the 
duct can often be cut in half 
by the use of insulating fire- 
brick. 

/ Stacks . — Stacks for low- 
temperature furnaces are 
often of steel with a brick 
lining up to a sufficient dis- 
tance to protect the steel- 
work.' Insulating firebrick 
and lightweight concrete re- 
inforced with wi de-mesh, 
light-gage, expanded metal 
lath are frequently used for 
linings. For really high-temperature work, however, an all- 
brick stack is desirable such as that used for periodic kilns. 
Such a stack should have a firebrick lining that is free to 
expand and contract inside a stable wall such as is shown in 
Fig. 383. - ' 

5. Sprung Arches. Stresses and Shapes . — The circular arch, 
as generally employed, subtends an angle of 60 deg., which makes 
the radius of curvature equal to the span. However, there is no 
standardization in the ratio of span to rise of the arch, as in some 
cases a high arch is needed for combustion space and in others a 
very flat arch is desirable to force the flame down on the work. 
It should be noted that the circular arch in the higher forms 
becomes relatively unstable because of the fact that the line of 
thrust of the arch, takes the form of an inverted catenary which 
departs more and more from the circular form as the height of 
the arch increases. Therefore, it has been found desirable 
always to employ the catenary form of arch when the ratio of 
rise to span is large. The curvature of the circular arch is 
usually expressed in inches of rise per foot of span. , 



Fig. 383. — High-temperature stack. 
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In Fig. 384 is shown a typical circular arch with the principal 
dimensions given. From this diagram, it is easy to compute the 
various factors and stresses, which are given in the formulas 
below. It should be noted that for stress computations the 
mean radius r m must be used whereas for brickwork estimation 



the inner radius r { is more convenient. The rise, however, is 
the same in both cases, as h m /S ni = hi/ Si. 


I'm — 



llrn 

2 


h 



- 1 . S m 

sm 2* - 
1 2 h m 

tan 5 *= sr 


W = } iltd 
R = W cosec 
H = W cot 


l = 27 rr m 


9 

360 


where 6 
r m 

Ti 

S 

h 


= the central angle 

= the radius at center of arch ring, ft. 
= the inner radius of the arch ring 
— the span, ft. 

= the rise, ft. 
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■ t = the thickness in feet. 

W = one-half weight of 1-ft. length of arch, lb. 

H = the horizontal thrust at skewback per foot of length, 
lb. 

R — the resultant thrust at skewback per foot of length, lb. 
I = the length of mean arc 
7r = 3.1416 

d = the density of brick, lb. per cu. ft. 

In Table 110 are given the important factors applying to 
circular arches of various heights. This table will be found 
useful for the quick calculation of the characteristics of arches. 


Table 110 


Inches rise 
per foot 
span 

Central 

angle 

Fraction 
of a com- 
plete circle 

Weight 

factor, 

Wi 

Horizontal- 
thrust 
factor, Hi 

Resultant- 
thrust 
factor, Rx 

1.000 

37°51 / 

0.1051 

1.02 

2.90 

3.07 

1.250 

47 04 

0 . 1307 

1.03 

2.30 

2.51 

1.500 

56 08 

0 . 1560 

1.04 

1.87 

2.13 

1.608 

60 00 

0.1667 

1.05 

1.73 

2.00 

1.750 

65 02 

0 . 1807 

1.06 

1.57 

1.86 

2.000 

73 44 

0 . 2048 

1.07 

1.30 

1.64 

2.250 

82 13 

0 . 2284 

1.09 

1.15 

1.52 

2.500 

90 29 

0.2513 

1.12 

1.00 

1.44 

3.000 

106 15 

0 . 2952 

1.16 

0.76 

1.25 

6.000* 

180 00 

0 . 5000 

1.57 

0.00 

1.00 


* Unstable. 

To find the weight of the roof multiply together the mean span, length, thickness (in feet), 
weight per cubic foot, and the factor W 1 . 

To find the horizontal thrust on one skewback multiply the factor Hi by one-half the 
total weight. 

To find the resultant thrust on one skewback multiply the factor Ri by one-half the total 
weight. 


/The temperature stresses in an arch are difficult to compute, 
but it may be said that they are greater in the flatter arches 
because a given expansion of the arch will produce a greater 
rise and more pinching of the tips of the bricks. To minimize, 
this difficulty, especially with silica brick, tie bolts are often 
slacked off in a predetermined manner as the arch heats up, to 
keep the curvature constant. There is also another temperature 
stress, due to the temperature gradient through the arch itself, 
| thus causing the tips of the bricks to expand more than the outer 
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face which puts an additional compression force on the inner 
surface. This latter effect can be minimized by using insulation 
on the outside of the arch. ^ 

The catenary shape has been found particularly satisfactory 
for some of the higher arches, thus allowing the side walls and 



Fig. 385. — Catenary. {Courtesy of Babcock Wilcox Company.) 

crown to be one continuous curve with almost complete elimina- 
tion of ironwork; as shown in Fig. 385. The calculation of the 
catenary can be carried out as follows. 

The equation of the catenary as illustrated in Fig. 386 is 

m , a - - 
y = 2 (e ' + e w ) 

or in hyperbolic functions 


y — m cos h — 
m 

* 

The latter form is the most convenient to work with. 
The slope angle at. any point on the curve is given by 

= tan -1 ( sin h — ) 

mJ 
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The length of the curve between the apex and any point is 
l = m sm h 

m 

The radius of curvature at any 
point is 

r 

m 

The compression (or tension) 
at the apex is Fl °* 386.— Catenary. 

H — wm 

where w = the weight per unit length of the curve 
The following table shows the calculation of a typical high- 
eatenary arch. 



Table 111 


* ' 

X 

m 

, x 
cos h — 
m 

• V 

y — m 

0 

0 

1.000 

19.0 

0 

5 

0.263 

1.035 

19.7 

7 

10 

0.527 

1.142 

21.7 

2.6 

15 

0.789 

1.328 

25.2 

6.2 

20 

1.054 

1.609 

30.6 

11.6 

25 

1.317 

2.000 

38.0 

19.0 

30 

1.579 

2.528 

48.1 

29.1 

35 

1.841 

3.231 

61.4 

42.4 

40 

2.108 

4. 177 

79.5 

60.5 

42 

2.210 

4.613 

88.0 

69.0 


?n = 19 


It will be found, in general, more convenient to lay out the 
catenary by hanging a sash- weight chain along a vertical surface 
in such a way as to pass through the three points representing 
the skewbacks and the apex. The chain thus hanging will 
form a perfect catenary, and the shape can be traced from this 
directly on the surface. 

Arch Spans and Thicknesses . — It is a little difficult to give any 
hard-and-fast rules regarding the thickness and span of arches, 
as this ratio depends a great deal on the type of refractory, the 
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temperature of the furnace, and the operating conditions. In 
general, for heavy brick construction, a 4^ -in. thickness would 
not be used for more than a 5-ft. span; a 9-in. arch would be 
used up to a 12-ft. ; a 13>^-in. arch up to 16 ft.; and an 18-in. 



Fig. 387. — (a) Skewback built with standard 9-in. featheredge brick of the 
2%-in. series. ( b ) Skewback built with standard 9-in. sideslcew and endskew 
brick of the 2^-in. series. ( Courtesy of J. S. McDowell and L. L. Gill , “Steel.") 

arch up to 20 ft. However, there have been a number of success- 
ful operations at moderate temperatures v ith much wider arches 
than these. For example, a firebrick arch of 18-ft. span and 
9-in. thickness has given an excellent life. 

In the case of the insulating-firebrick construction,- the thick- 
ness is seldom over 9 in. ; but in moderate-temperature construc- 



Fig. 3SS. — Skewback brick with cutouts for steel channel framework. ( Courtesy 
of J. S. McDowell and L. L. Gill, “ Steel .”) 


tion, the span often is as great as 15 ft.; and in one case, a 22-ft. 
arch has given excellent service. 

Skewbacks . — The skewback must be made to give the proper 
angle for the ends of the arch, and it must have sufficient face to 
accommodate the thickness of the arch ring. Standard skew- 
backs are made with side skews and featheredge bricks as 
shown in Fig. 387, which accommodate 4J4 and 934 hu thick 
arches with rises of respectively 1 34 and 2 %Qin. per ft. However, 
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special skewbacks can be readily obtained from most of the 
refractory manufacturers, as shown in Figs. 388, 389 and 390 
for an arch of 60 deg. central angle. In the case of insulating- 
iirebrick, standard skewbacks can be made up as shown in Fig. 



j391 out of standard shapes, for arches having a 60 deg. central 
angle. In the case of the insulating firebrick, however, it is very 
easy to grind the skewbacks to any desired slope. 

1 Methods of holding the skewback are shown in Fig. 392; 
but in all cases, the arch thrust should be well supported by the 
ironwork using either an angle section or a channel. As explained 



previously, the arch can be supported on top of the wall or 
^ported independently of the wall. The latter construction 
TOuld be used where the life of the side walls is shorter than the 
irch, such as in a glass tank, in which case a replacement of the 
falls can be readily made without disturbing the arch. Also, 
a the case of heavy arches, less load is put on the side walls if 
!^ e arcil is separately supported. On the other hand, wall- 
'iipported arches tend to hold the top of the wall from bowing in. j 
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is at a comparatively low temperature because of the small heat 
conductivity along the web. This condition produces a maxi- 
mum of warping, which is often 
noticed in kiln construction, and 
thus allows a bowing of the walls. 

Fio. 393 . — Types of buekstay. simple section (15) or a If sec- 

tion (C) will be found thermally 
more efficient because it wall maintain a much more uniform 
temperature over the section. 

Bonding of the Arch . — Arches can be built up in a bonded 
construction, such as shown in Fig. 394, or in a separate ring 


L 


3'-' ,j a i'CU 


Fig. 394. — (From “ Modern Refractory Practice courtesy of the Harbison-Walker 
Refractories Company.) 

construction, such as shown in Fig. 395. The bonded construc- 
tion has the advantage of giving a more stable structure in case 
of failure of one or tw r o individual units. On the other hand, it 
requires a little more skill in laying in order to get a uniform load 
on all the bricks. In the separate ring arch, any one ring can be 
repaired without disturbing the others, which in some cases is a 
real advantage. 

Special Arches . — There are many types of special arch, such 
as the rib arch in Fig. 396, often used in open-hearth-furnace 
crowns to give stability for long spans. The jack arch in Fig. 
397 is made up of special shapes in order to give a flat lower 
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Fig. 395 . (From “ Modern Refractory Practice," courtesy of the Harbison- Walker 
Refractories Company .) 



Refractories Company.) 
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surface. This type of arch is often used in certain portions of 
tunnel kilns to conform closely to the charge. 

The relieving arch shown in Fig. 398 is sometimes used to 
support the weight of ah end wall and to take the load off the 



Fig. 397. — Jack arch. This type of arch is formed by special wedge shapes, 
which may be designed by first laying out a radial sprung arch of proper rise and 
thickness .for the given span, then extending all brick shapes upward to the 
level of the upper crown surface and downward to the spring line. This arch 
is designed on a basis of l 1 ^-in. rise per foot of span. ( From “ Modern Refractory 
Practice^ courtesy of the Harbison-Walker Refractories Co.) 



A- A~ 



Fig. 39S. — Use of relieving arch to support wall. ( From “ Modern Refractory 
Practiced' courtesy of the Harbison-Walker Refractories Co.) 




Fig. 399.— Bung arch. 



Fig. 400. — Double arch. 


main arch. Relieving arches in modern construction are not 
used very extensively. 

In Fig. 399 is shown a hung arch used in the malleable-iron 
industry. These arch rings are wedged tightly into a heavy iron 
frame so that they can be lifted off as individual units. Brick 
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Inside diameter 


No. 

required to 

turn circle 



No. 4 key 

No. 3 key 

No. 2 key 

No. 1 key 

Straight 

Total 

1'6" 

26 





26 

2'0" 

17 

13 




30 

2'G" 

9 

25 




34 

3'0" 


38 



- 

38 

3'G" 


29 

13 



42 








4'0" 


21 

25 



46 

4'6" 


13 

38 



51 

5'0" 


4 

51 



55 

5'3" 



57 



57 

5'G" 



55 

4 


- 59 

6'0" 



50 

13 


63 

Q’G" 



46 

21 


67 

7'0" 



42 

30 


72 

7'6" 



38 

38 


76 

8'0" 



34 

46 


80 

8'6" 



29 

55 


84 

9'0" 



25 

63 


88 

9'6 " 



21 

72 


93 

lO'O " 



17 

80 


97 

10'6" 



13 

88 


101 

U'O" 



9 

96 


105 

H'6" 



4 

105 


109 

12' 0" 




113 


113 

12'6" 




113 

5 

118 

13'0" 




, 113 

9 

122 

13'6" 




113 

13 

126 

U'O" 




113 

17 

130 

U'G" 




113 

21 

134 

15'0" 




113 

26 

139 

15'6" 




113 

30 

143 

16'0" 




113 

34 

147 

16'G" 




113 

38 

151 

17'0" 




113 

42 

155 

U'O" 




113 

47 

160 

18'0" 




113 

51 

164 

18'0" 




113 

55 

168 

19'Q" 




113 

59 

172 

19'G" 




113 

63 

176 

20'0" 




113 

68 

181 

20'G" 




113 

72 

185 

21'0" 




113 

76 

189 

21'6" 




113 

80 

193 

22'0" 




113 

84 

197 



/Z(3 


REF HA CTO HIES 


Table 112. — 9 X 4,bi X 2t 2 -iN. Key Brick.*' — ( Continued 'l 


No. required to turn circle 


\ 



Inside diameter j 

1 

l 

No. 4 key j 

No. 3 key 

No. 2 key 

No. 1 key 

Straight 

Total 

22'6" 




113 

88 

201 

23'0" 




113 

93 

20G 

23'6" 




113 

97 

210 

24'G" 




113 

101 

214 

24 0" 




113 

10- 5 

218 

25'0" 




113 

109 

222 

25'6" 




113 

114 

227 

20'0" 




113 

118 

231 

26'0" 




113 

122 

235 

27 , G" 




113 

120 

230 

27'G" 




113 

130 

243 

28' 0" 




113 

135 

248 

28'G" 




113 

139 

252 

29'0" 




113 

143 

250 

20' 6" 




113 

147 

200 

30'0" 




113 

151 

264 

30' 6" 




113 

155 

268 

31'0" 




113 

100 

273 

31'0" 




113 

104 

277 

32'0" 




1 13 

108 

281 

32' 0" 

j 

j 



113 

172 

285 

33'0" 

J 



113 

176 

289 

33'(i" 




113 

181 

294 

34'0" 

j 



113 

185 

298 

34'd" 

! 



113 

189 

302 

35'0" 



113 

193 

306 


* Applies also to 9 X 4*-j X 3-in. key brick. 

Note: Fractional parts of one-tenth of a brick or more arc counted as entire brick, 
smaller fraction® are disregarded. 


with good strength and spalling resistance are essential in this 
type of construction. In Fig. 400 is 
shown a double arch sometimes used in 
tunnel-kiln construction for preheating of 
the combustion air. This type of arch 
should never be used for high-tempera- 
ture work because of the difficulty in 
making repairs on the inner arch. 
Figure 401 shows a perforated arch used in some types of over- 
fired furnace. As this arch is subjected to temperature on both 



Fig. 401. — Perforated arch. 
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Table 113. 9 X 41*2 X 2}, 2-in. Wedge Brick* 


Inside 

diameter 

No. re<iuired t > turn circle 

No. 2 wedge 

No. 1 wedge 

Straight 

Total 

2' 3" 

57 



57 

2 '6" 

51 

10 


01 

3'0" 

38 

30 


68 

3'6" 

25 

51 


76 

4'0" 

13 

71 


S3 

4'6" 


01 


91 

o'O" 


01 

7 

98 

5'6" 


01 

15 

106 

6'0" 


01 

22 

113 

6'6" 


01 

30 

121 

7'0" 


01 

58 

129 

7'6" 


91 

45 

130 

S'O" 


91 

53 

144 

ST)" 


91 

no 

151 

9'0" 


91 

08 

159 

9'G" 


01 

75 

160 

lO'O" 


91 

S3 

174 

10T / ' 


91 

90 

181 

ll'O" 


01 

98 

189 

ll'G" 


91 

105 

190 

12'0" 


01 

113 

204 

12'G" 


01 

121 

212 

13'0" 


91 

128 

219 

13'(J" 


01 

130 

227 

14'0" 


91 

143 

234 

14'6" , 


91 

151 

242 

lo'O" 


91 

158 

249 

15' 6" 


91 

100 

257 

IG'O" 


91 

173 

264 

1 C/6" 


91 

1SL 

272 

1 7'Q" 


91 

1S8 

279 

17T>" 


91 

190 

287 

18'0" 


91 

203 

294 

1ST" 


91 

211 

302 

19'0" 


91 

219 

310 

19'6" 


91 

220 

317 

20'0" 


91 

234 

325 

20'6" 


91 

241 

332 

21'0" 


. 91 

249 

340 

2 IT" 


91 

256 

347 

22'Q" 


91 

204 

355 
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-LAO. — i? ^ x z^-in. WEDGE JtSmcK. * — ( Continued ) 


Inside 

diameter 

No. required to turn circle 


No. 2 wedge 

No. 1 wedge 

Straight 

Total 

22'6" 


91 

271 

362 

23'0" 


91 

279 

370 

23'6" 


91 

286 

377 

24'0" 


91 

294 

385 

24 ' 6 " 


91 

301 

392 

25 ' 0 " 


91 

309 

400 

25 ' 6 " 


91 

317 

408 

26 ' 0 " 


91 

324 

415 

26 ' 6 " 


91 

332 

423 

27 ' 0 " 


91 

339 

430 

27 ' 6 " 


91 

347 

438 

28 ' 0 " 


91 

354 

445 

28 ' 6 " 


91 

362 

453 

29'0" 


91 

369 

460 

29'6" 


91 

377 

468 

30'0" 


91 

384 

475 

30'6" 


91 

392 

483 

3 TO" 


91 

399 

490 

3T6" 


91 

407 

498 

.32 '0" 


91 

415 

506 

32 ' 6 " 


91 

422 

513 

33 ' 0 " 


91 

430 

521 

33 ' 6 " 

; 

91 

437 

528 

34 ' 0 " 


91 

445 

536 

34 ' 6 " 


91 

452 

543 

35'0" 


91 

460 

551 

35 ' 6 " 


91 

467 

558 

36 ' 0 " 

, 

91 

475 

566 

36 ' 6 " 


91 

482 

573 

37 ' 0 " 


91 

490 

581 

37 ' 6 " 


91 

498 

589 

38 ' 0 " 


91 

506 

597 

38 ' 6 " 


91 

513 

604 

39 ' 0 " 


91 

521 

612 

39 ' 6 " 


91 

528 

619 

40 ' 0 " 


91 

536 

627 

40 ' 6 " 


91 

543 

634 

4 TO" 


91 

551 

642 

41 ' 6 " 


91 

558 

649 

42 ' 0 " 


91 

566 

657 

42 ' 6 " 

! 

91 

573 

664 
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Table 113. — 9 X 43*2 X 2^-nsr. Wedge Brick.* — ( Continued ) 


Inside 

diameter 

No. required to turn circle 

No. 2 wedge 

No. 1 wedge 

Straight 

Total 

43'0" 


91 

581 

672 

43'6" 


91 

589 

680 

44'0" 


91 

598 

689 

44 / 6" 


91 

605 

696 

45'0" 


91 

612 

703 

45'6" 


91 

620 

711 

46'0" 


91 

627 

718 

46'6" 


91 

635 

726 

47'0" 1 


91 

642 

733 

47'6" 


91 

650 

741 

48'0" 


91 

657 

748 

48'6" 


91 

665 

756 

49'0" 


91 

672 

763 

49'6" 


91 

680 

771 

50'0" 


91 

687 

778 

50'6" 


91 

695 

786 


* Applies also to 9 X 6^4 X 2 >s>-in. wedges and straights. 

Note: Fractional parts of one-tenth of a brick or more are counted as entire brick; 
smaller fractions are disregarded. 





Pig. 402. — Construction, of expansion joints. {Courtesy of the Babcock and 
and Wilcox Company.) 
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Table 114. — 9 X 4^ X 2H-in t . Arch Brick 


No. required to turn circle 


Inside 

diameter 

1 

No. 3 
arch 

No. 2 
arch 

No. 1 
arch 

Straight 

Total 

0'6" 

19 




19 

l'O" 

12 

15 



27 

1'6" 

4 

30 



34 

1'9" 


38 



38 

2 / 0 // 


34 

8 


42 

2'6" 


26 

23 


49 

3'0" 


19 

38 


57 

3'6" 


11 

53 


64 

4'0" 


4 

68 


72 

. 4'3" 



76 


76 

4'6" 



76 

4 

80 

5'0" 



76 

11 

87 

5'6" 



76 

19 

95 

6'0" 



76 

26 

102 

6'6" 



76 

34 

110 

7'0" 



76 

41 

117 

7'6" 



76 

49 

125 

8'0" 



76 

56 

132 

8'6" 



76 

64 

140 

9'0" 



76 

71 

147 

9'6" 



76 

79 

155 

lO'O" 



76 

87 

163 

lQ'Q" 



76 

94 

170 

ll'Q" 



76 

102 

178 

11'6" 



76 

109 

185 

12 / 0 ,/ 



76 

117 

193 

12'e" 



76 

124 

200 

IS'O" 



76 

132 

208 

lS'C" 



76 

139 

215 

14 / 0 ,/ 



76 

147 

223 

14 / 6 // 

i 

76 

154 

230 
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Table 115. — 9 X 4^ .X 3-in. Wedge Brick* 



No. required to turn circle 

diameter 







No. 3 wedge 

No. 2 wedge 

No. 1 wedge 

Straight 

Total 

3'0" 

57 




57 

3'6" 

50 

13 



63 

4'0" 

44 

26 



70 

4'6" 

38 

38 



76 

5'0" 

32 

50 



82 

5'6" 

25 

63 



88 

6'0" 

19 

76 



95 

6'6" 

13 

88 



101 

7'0" 

6 

101 



107 

7'6" 


113 



113 

8’0" 


107 

13 


120 

8'6" 


101 

25 


126 

9'0" 


94 

38 


132 

9'6" 


88 

51 


139 

lO'O" 


82 

l 

63 


145 

10'6" 


76 

75 


151 

U'O" 


69 

88 


157 

U'6" 


63 

101 


164 

12'0” 


57 

113 


170 

12 , 6 // 


50 

126 


176 

13'0" 


44 

139 


183 

13'6" 


38 

151 


189 

U'O" 


32 

163 


195 

14'6" 


25 

176 


201 

15'0" 


19 

189 


208 

15'6" 


33 

201 


214 

16'0" 


6 

214 


220 

ie'6" 



226 


226 

17'0" 



226 

7 

233 

17'6" 



226 

13 

239 

18'0" 



226 

19 

245 

18' 6" 



226 

26 

252 

19'0" 



226 

32 

258 

19'6" 



226 

38 

264 

20'0" 



226 

45 

271 

20'6" 



226 

51 

277 

21'0" 



226 

57 

283 

21'6" 



226 

63 

289 

22'0" 



226 

70 

296 

22'e" 



,226 

76 

302 
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Table 115. — 9 X 434 X 3-in. Wedge Brick.* — ( Continued ) 


Inside 

No. required to turn circle 

diameter 







No. 3 wedge 

No. 2 wedge 

No. 1 wedge 

Straight 

Total 

23'0" 



226 

82 

308 

23'6" 



226 

89 

315 

24'0" 



226 

95 

321 

24/6" 



226 

101 

327 

25'0" 



226 

107 

333 

25'6" 



226 

114 

340 

26'0" 



226 

120 

346 

26'6" 



226 

126 

352 

27'0" 


4 

226 

133 

359 

27'6" 



226 

139 

365 

28'0" 



226 

143 

371 

28'6" 



226 

152 

378 

29'0" 

i 


226 

158 

384 

29 '6" 


226 

164 

390 

30'0" 



226 

170 

396 

30'6" 



226 

176 

402 

31'0" 



226 

182 

408 

31'6" 



226 

189 

415 

32'0" 

1 

226 

195 

421 

32'6" 



226 

201 

427 

33'0" 



226 

208 

434 

33'6" 



226 

214 

440 

34'0" 



226 

220 

446 

34'6" 



226 

227 

453 

35'0" 



226 

233 

459 

35'6" 



226 

239 

465 

36'0" 



226 

246 

472 

36'6" 



226 

252 I 

478 

37'0" 



226 

258 

484 

37'6" 



226 

264 

490 

38'0" j 



226 

271 

497 

38'6" 



226 

277 

503 

39'0" 



226 

283 

509 

39'6" i 



226 

289 

515 

40'0" j 

! 



226 

296 

522 

40'6" 



226 

302 

528 

41'0" 



226 ‘ 

308 

534 

41'6" 



226 

315 

541 

42'0" 



226 

321 

547 

42'6" 



226 

327 

553 
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Table 115. — 9 X 4}4 X 3-in. Wedge Brick.* — ( Continued ) 


Inside 

diameter 

No. required^ to turn circle 

No. 3 wedge 

No. 2 wedge 

No. 1 wedge 

Straight 

Total 

43'0" 



226 

334 

560 

43'6" 



226 

340 

566 

44'0" 



226 

346 

572 

44'6" 



226 

353 

579 

45'0" 



226 

359 

585 

45'6" 



226 

365 

591 

46'0" 



226 

372 

598 

46'6" 



226 

378 

604 

47'0" 



226 

384 

610 

47'G" 



226 

390 

616 

48'0" 



226 

397 

623 

48'6" 



226 

403 

629 

49'0" 



226 

409 

635 

49'6" 



226 

415 

641 

oO'O" 



226 

421 

647 

50'G" 



226 

428 

654 


* Applies also to 9 X 6^ X 3-in. wedges and straights. 

Note: Fractional parts of one-tenth of a brick or more are counted as entire brick: 
smaller fractions are disregarded. 


sides, it must be made of material of high load-bearing capacity. 

Expansion Joints . — The longitudinal expansion joints in the 
crown should, in general, be aligned with the expansion joints 
in the wall. It is often desirable to recess the end of the crown 
into the end wall as shown in Fig. 402, giving a labyrinth joint. 
Expansion joints coming in the center of the crown should be 
covered with a row of splits cemented in place, also shown in 
Fig. 402. 

Brickwork Estimation for Sprung A rches . — The sprung arch is 
made up of various combinations of straights, arches, wedges, or 
keys. The simplest method of finding the number of shapes 
in a given arch ring consists in determining the count needed for 
a complete circle in Tables 112 to 125 and then multiplying the 
number of each shape by the fraction of the circle covered by the 
arch as given in the third column of Table 110. 

For example, let us find the number and kind of bricks in a 
9-in. arch with an 11-ft. span (Si of Fig. 384) and a rise of 1.608 
in. per ft. Here the inner radius is equal to 11 ft.; and from 
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Table 116. — 9 X 6 X 3-in. Hey Brick* 


Inside 

diameter 

No. required to turn circle 

No. 2 key 

No. 1 key 

Straight 

T otal 

6'0" 

48 



48 

6'6" 

45 

G 


51 

7'0" 

41 

13 


54 

7'6" 

38 

19 


57 

8'0" 

34 

26 


60 

8'G" 

31 

32 


63 

9'0" 

27 

39 


66 

9'6" 

24 

46 


70 

10'0" 

21 

52 


73 

10'6" 

17 

59 



ll'O" 

13 

66 


79 

11'6" 

10 

72 


82 

12'0" 

6 

79 


85 

12'6" 

3 

85 


88 

13'0" 

1 

91 


91 

13'6" 


91 

4 

95 

14'0" 


91 

7 

98 

14'6" 


91 

10 

101 

15'0" 


91 

13 

104 

15'6" 


91 

16 

107 

16'0" 


91 

19 

110 

16'6" 


91 

22 

113 

17'0" 


91 

26 

117 

1 7'6" 


91 

29 

120 

18'0" 


91 

32 

123 

t 18'6" 


91 

35 

126 

! 19'0" 


91 

38 

129 

19'6" 


91 

41 

132 

20'0" 


91 

44 

135 

20'6" 


91 

48 

139 

21'0" 


91 

51 

142 

21'6" 


91 

54 

145 

22'0" 


91 

57 

148 

22'6" 


91 

60 

151 

23'0" 


91 

63 

154 

23'6" 


91 

66 

157 

24'0" 


91 

70 

161 

24'6" 


91 

73 

164 

25'0" 


91 

76 

167 

25'6" 


91 

79 

170 

26'0" 


91 

82 

173 

26'6" 


91 

85 

176 

27'0" 


91 

88 

179 

27'6" 


91 

92 

183 

28'0 / ' 


91 

95 

186 

28'6" 


91 

98 

189 

29'0" 


91 

101 

192 

29'6" 


91 

104 

195 

30'0" 


91 

107 

198 


* Applies also to 9 X 6 X 234-in. keys and straights. 

Note: Fractional parts of one-tenth of a brick or more are counted as entire brick; 
smaller fractions are disregarded. 
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Table 117. — 9 X x 3-in. Arch Brick 


Inside 

diameter 

No. required to turn circle 

No. 3 
arch 

No. 2 
arch 

No. 1 
arch 

Straight 

Total 

re" 

29 




29 

2'0" 

22 

13 



35 

2'6" 

16 

25 



41 

3'0" 

10 

38 



48 

3'6" 

3 

51 



54 

3'9" 


57 



57 

4'0" 


54 

6 


60 

4^6" 


47 

19 


66 

5'0" 


41 

32 


73 

5'6" 


35 

44 


70 

6'0" 


28 

57 


85 

6'6" 


22 

70 


92 

TO" 


16 

82 


98 

7'6" 


10 

94 


104 

8'0" 


3 

107 


110 

8'3" 



113 


113 

8'6" 



113 

4 

117 

9'0" 



113 

10 

123 

9'6" 



113 

16 

129 

lO'O" 



113 

22 

135 

10'6" 



113 

29 

142 

iro" 



113 

35 

148 

11/6" 



113 

41 

154 

12'0" 



113 

48 

161 

12'6" 



113 

54 

167 

13'0" 



113 

60 

173 

13'6" 



113 

66 

179 

14'0" 



113 

73 

186 

14'6" 



113 

79 

192 


Note: Fractional parts of one-tenth of a brick or more are counted as entire brick, 
smaller fractions are disregarded. 
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Table 1X8. — Flat-back Arch Brick 


Inside 

diameter 


No. required to turn circle 


No. 2 
flat-back 
arch 

No. 1 
flat-back 
• arch 

Flat-back 

straight 

Total 

1 A" 

26 



26 

1'6" 

22 

5 


27 

1'9" 

16 

14 


30 

2'0" 

11 

22 


33 

2'3" 

5 

30 


35 

2'6" 


38 


38 

3'0 ' 


38 

8 

» 46 

3'6" 


38 

15 

53 

4'0" 


38 

23 

61 

4'6" 


38 

30 

68 

5'0" 


38 

38 

76 

o'6" 


38 

45 

83 

6'0" 

j 

38 

53 

91 

6'6" 

1 

j 

38 

60 

98 

7'0" 


38 

68 

106 

7'6" 


38 

75 

113 

8'0" 


38 

83 

121 

8'6" 


38 

91 

129 

9'0" 


3S 

98 

136 

9'6" 


38 

106 

144 

lO'O" 


38 

113 

151 

10'6" 


38 

121 

159 

ll'O" 


38 

128 

166 

11'6" 


38 

136 

174 

12'0" 


38 

143 

181 

12 / 6 ,/ 


38 

151 1 

189 

lS'O" 


38 

158 

i 

196 


Note: Fractional parts of one-tenth of a brick or more are ( counted as entire brick 
laller fractions are disregarded. 
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No. required to turn circle 


Inside 






diameter 

No. 3 wedge 

No. 2 wedge 




No. 1 wedge 

Straight 

Total 

4'0" 

4'6" 

7G 

69 

13 



76 

82 

88 

o'O" 

63 

25 



5'6" 

57 

38 



6'0" 

51 

50 



101 

G'G" 

44 

63 




7'0" 

38 

75 




7'6" 

32 

88 



120 

8'0" 

25 

101 



8'6" 

19 

113 



132 

Q'O" 

13 

126 




9'6" 

7 

138 



145 

lO'O" 


151 



151 

10'6" 


144 

13 


157 

ll'O" 


139 

25 


164 

11 '6" 


132 

38 


170 

12'0" 


126 

50 


176 

]2'0" 


120 

6.3 


183 

13'0" 


113 

76 


189 

13'G" 


107 

88 


195 

14'0" 


101 

100 


201 

U'G" 


95 

1 13 


208 

1 o'O" 


88 

126 


214 

15'G" 


82 

138 


220 

16'0" 


76 

151 


227 

lG'G" 


69 

164 


233 

17'0" 


63 

176 


239 

17'6" 


57 

188 


245 

18'0" 


51 

201 


252 

18'G" 


44 

214 


258 

19'0" 


38 

226 


264 

ID'G" 


32 

239 


271 

20'0" 


25 

252 


277 

20'G" 


19 

264 


283 

21'0" 


13 

276 


289 

21'G" 


7 

289 


296 

22'0" 



302 


302 

22'G" 



302 

6 

308 

23'0" 



302 

13 

315 

23'G" 



302 

19 

321 

24'0" 



302 

25 

327 

24'6" 



302 

31 

333 

25'0" 



302 

38 

340 

25'6" 



302 

44 

346 

26'Q" 



302 

50 

352 

26'G" 



302 

57 

359 

27'0" 



302 

63 

365 

27'6" 



302 

69 

371 

28'0" 



302 

75 

377 


Note: Fractional parts of one-tenth of a brick or more are counted as entire brick; 
miler fractions are disregarded. 
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Table 120. — 13 H X 6 X 3-in. Wedge Brick 

No. required to turn circle 

Inside 


diameter 

No. 3 wedge 

No. 2 wedge 

No. 1 wedge 

Straight 

Total 

4'6" 

85 




85 

5'0" 

79 

13 




5'6" 

73 

25 



98 

6'0" 

66 

38 



104 

6'6" 

60 

50 



110 

TO" 

54 

63 



117 

7'6" 

47 

76 



123 

8'0" 

41 

88 



129 

8'6" 

35 

100 



135 

9'0" 

29 

113 



142 

9'6" 

22 

126 



148 

. lO'O" 

16 

138 




10'6" 

10 

151 



161 

ll'O" 

3 

164 



167 

11'3" 


170 



170 

11' 6" 


167 

6 


173 

12'0" 


160 

19 


179 

12'6" 


154 

32 


186 

13'0" 


148 

44 


192 

13'6" 


141 

57 


198 

14'0" 


135 

70 


205 

i4'6" 


129 

82 


211 

15'0" 


123 

94 


217 

15'6" 


116 

107 


223 

16'0" 


110 

120 


230 

16'6" 


104 

132 


236 

17'0" 


97 

145 


242 

17'6" 


92 

157 


249 

18'0" 


85 

170 


255 

18'6" 


79 

182 


261 

19'0" 


72 

195 


267 

19'6" 


66 

208 


274 

20'0" 


60 

220 


280 

20'6" 


53 

233 


286 

21/0" 


48 

245 


293 

21'6" 


41 

258 


299 

22'0" 


35 

270 


305 

22'6" 


28 

283 


311 

23'0" 


22 

296 


318 

23'6" 


16 

308 

1 

324 
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Table 120. — 13^ X 6 X 3-in. Wedge Brick. — ( Continued ) 


No. required to turn circle 


Inside 


diameter 

No. 3 wedge 

No. 2 wedge 

No. 1 wedge 

Straight 

Total 

| 

! 24'0" 


9 

321 


330 

24'6" 


4 

333 


337 

24'9" 



340 


340 

25'0" 



340 

3 

343 

25'6" 



340 

9 ' 

349 

2G'0" 



340 

1 5 

3 55 

20' 0" 



340 

22 

362 

27'0" 



340 

28 

368 

27'0" 



340 

34 

374 

28'0" 



340 

41 

381 

28'6" 



340 

47 

387 

29'0" 



340 

53 

393 

2Q'6 n 



340 

59 

399 

30'0" 



340 

66 

406 

30'6" 



340 

72 

412 

31'0" 



340 

78 

418 

31'6" 



340 

85 

425 

32'0" 



340 

91 

431 

32'6" 



340 

97 

437 

33'0" 



340 

103 

443 

33'6" 



340 

110 

450 

34'0" 



340 

316 

456 

34'6" 



340 

122 

462 

35'0" 



340 

128 

468 

35'6" 



340 

135 

475 

30'0" 



340 

141 

481 

30'6" 



340 

147 

487 

37'0" 



340 

154 

494 

37'6" 



340 

160 

500 , 

38'0" 



340 

166 

506 

38'6" 



340 

172 

512 

39'0." 



340 

179 

519 

39'6" 



340 

185 

525 

40'0" 



340 

191 

531 

40'0" 



340 

198 

538 

41'0" 



340 

204 

544 

41'6" 



340 

210 

550 

42'0" 



340 

216 

556 

42'6" 



340 

223 

563 

* 43'0" 



340 

229 

569 



■740 


liEFRA CTOTiJEfi 


Table 113, it is seen that a circle of 22 ft. inside diameter require' 
91 No. 1 wedges and 264 straights. Multiplying these figures 
Table 120. 1334 X 6 X 3-in. Wedge Brick. — ( Continued ) 



No. 

required to turn circle 


Inside 






diameter 

No. 3 wedge 

No. 2 wedge 

No. 1 wedge 

Straight 

Total 

43'6" 

44'0" 



340 

340 

235 

242 

575 

53*? 

44'6" 

45'0" 

45'6" 



340 

340 

340 

248 

254 

260 

o8S 

594 

600 

46'0" 

46'6" 

47'0" 

47'6" 

48'0" 



340 

340 

340 

340 

340 

267 

273 

279 

286 

292 

607 

613 

619 

626 

632 

48'6" 

49'0" 

49'6" 

50'0" 

50'6" 



340 

340 

340 

340 

340 

298 

304 

31 1 

317 

323 

638 

644 

651 

657 

663 

51'0" 

51/ 6" 
52'0" 
52'6" 
53'0" 



340 

340 

340 

340 

340 

330 

336 

342 

348 

355 

670 

676 

682 

688 

695 

S3'6" 



340 

361 

701 

54'0" 

54'G" 

55'0" 

55'6" 



340 

340 

367 

374 

707 

714 



340 

380 

720 



340 

386 

726 

56'0" 
r> 6'G" 
57'0" 
57'G" 
58'0" 



340 

392 

732 



340 

399 

739 



340 

405 

745 



340 

411 

751 



340 

418 

758 

58'6" 

59'0" 

59'6" 

GO'O" 



340 

340 

340 

340 

424 

430 

436 

443 

764 

770 

776 

783 


fractions are disregarded. 


uiiCK. or more are counted, as entire brick; smaller 


by the fraction of a circle 0.1667, the final count is 15 No. 1 
wedges and. 44 straights per ring. This calculation allows 
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Table 121. — 13^ X 6 X 3-in. Key Brick* 


- — r~ . :r~ 

!No. required to turn circle 


No. 2 key 

No. 1 key 

Straight 

Total 

eFo 7 ^ 

6'6" 

52 



52 

48 

7 


55 

43 

16 


. 59 

7'6" 

8'0" 

38 

24 


62 

33 

32 


65 

8'6" 

9'0" 

28 

40 


68 

23 

48 


71 

18 

50 


74 

lO'O" 

10'6" 

13 

8 

64 

73 


77 

81 

ll'O" 

11'3" 

lT6" 

12'0" 

12'6 " 

3 

81 


84 


85 


85 


85 

2 

87 


85 

85 

5 

8 

90 

93 



85 

11 

96 

13'6" 

14'0" 

14'6" 


85 

14 

99 


85 

18 

103 


85 

21 

106 

15'0" 


85 

24 

109 

15'6" 

16'0" 

16'6" 

17'0" 

17'6" 


85 

27 

112 


85 

30 

115 


85 

33 

118 


85 

30 

121 


85 

30 

124 

18'0" 


85 

43 

128 


85 

46 

131 



85 

40 

134 



85 

52 

137 

20'0" 


85 

55 

140 

20'0" 


85 

58 

143 

21'0" 


85 

61 

146 

21'6" 


85 

65 

150 

22' 0" 


85 

68 

153 

22'6" 


85 

71 

156 

23'0" 


85 

74 

159 

23'6" 


85 

77 

162 

24'0" 


85 

80 

165 

24'6" 


85 

83 

168 

2o'0" 


85 

87 

172 

25'6" 


85 

• 00 

175 

26'0" 

2(5 '6" 

27'0" 


85 

85 

85 

93 

06 

90 

178 

181 

184 

27'G" 


85 

102 

187 

28'0" 


85 

105 

190 

28'6" 


85 

109 

194 

29'0" 


85 

112 

197 

29'6" 


85 

115 

200 

30'0" 


85 

118 

203 

30'6" 


85 

121 

206 

31'0" 


85 

124 

209 

31'6" 


85 

127 

212 

32'Q" 


85 

131 

216 

32'6" 


85 

134 

219 

33'0" 


85 

137 

222 

33'6" 


85 

140 

225 

34'0" 


85 

143 

228 

34'6" 


85 

146 

231 

35'0" 


85 

149 

234 


Anr'Iiec 0 . 1=0 to 13 Vi X 6 X 2'i-i*:. Vr-y.= and straights. , . 

. f - l : parts of «■ «f a brick or more are counted as entire brick; 

tiler fractions are disregarded. 
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Table 122. — 9-m. Circle Brick 


Inside 


No. required to turn circle 


diameter 

24-33 

36— 4o 

48-57 

60-69 

72-81 

Total 

2'0" 

12 





12 

2'3" 

9 

4 




13 

2'6" 

6 

8 




14 

2'9" 

3 

12 




15 

3'0" 


16 




16 

3'3" 


12 

5 



17 

3'6" 


8 

10 



18 

3'9" 


4 

15 



19 

4' 0" 



20 



20 

4'3" 



16 

5 


21 

4'6" 



10 

12 


22 

4'9" 



4 

19 


23 

5'0" 




24 


24 

5'3" 




17 

. 9 

26 

5'6" 




12 

15 

27 

o'9" 




6 

22 

28 

6'0" 





29 

29 


72-81 

84-93 

96-105 

108-117 

120-129 


6'3" 

21 

9 




30 

6'6" 

14 

17 




31 

6'9" 

7 

25 




32 

7'0" 


33 




33 

V3" 


23 

11 



34 

7'6" 


14 

21 



35 

7'9" 


5 

31 



36 

8'0" 


! 

37 



37 

8'3" 



25 

13 


38 

8'6" 



18 

21 


39 

8'9" 



10 ■ 

30 


40 

9'0" 




41 


41 

9'3" 




34 

8 

42 

9 / 6 ,/ 




23 

20 

43 

9'9" 




13 

31 

44 

lO'O" 





45 

45 
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Table 123. — 9-in. Cupola Blocks 



Note: Fractional parts of one-tenth of a brick or more are counted as entire brick; smaller 
fractions are disregarded. 


nothing for joints that may average 3^2 to in. for the modern 
dipped joint. 

The arch can be computed for any case without the tables by 
Snding the total number of bricks in the ring, which is the outer 
arc in inches divided by 2.5 or 3.0 in. The number of tapered 
i brick is found by dividing the difference between the inner and 
| outer arcs in inches by the taper of a single brick in inches. 

When using insulating firebrick, it is often advisable to have 
them all ground with such a taper that the joints will all be radial. 
This construction, of course, makes the best type of arch. 

Forms . — Steel forms are to be preferred for arch construction 
that is often rebuilt. On the other hand, wooden forms are less 
expensive and quite satisfactory for one job. The forms are 
usually lagged with 2- by 2-in. oak strips. 

The form should be accurately placed, with wedges or jacks 
for lowering. The arch should be built up from both skewbacks 
simultaneously to meet at the apex. The keys should be care- 
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Table 124. — 6-in. Cupola Blocks and 6-in. Rotary-kiln Bloc* 


T . , No. required to turn circle 

Inside _ 


diameter 

30-42 

36-48 

42-54 

48-60 

54-66 

60-72 66-78 

2'6" 

15 






2'9" 

8 

8 





3'0" 


17 





3'3" 


8 

10 




3'6" 



19 




3'9" 



9 

11 



4 / 0 ,/ 




21 



4'3" 




10 

12 . 


4'6" 





23 


4'9" 





13 

11 

5'0" 






26 

V3" 






14 13 

VO" 






28 


60-72 

66-78 

72-84 

78-90 

84-96 

90-102 96-108 

5'9" 


16 

13 




O'O" 



30 




6'3" 



18 

13 



VO" 




32 



6'9" 




19 

14 


7'0" 





34 


7'3" 





16 

19 

7'6" 






36 

T9" 






17 20 

8'0" 






38 


90-102 

96-108 

102-114 

108-120 

114-126 

120-132 123-135 

8'3" 


22 

17 




S'6" 



40 




8'9" 



22 

19 



9'0" 




42 



9'3" 




24 

19 


9'6" 





44 


9'9" 





36 

9 

lO'O" 






46 

10'3" 






48 


Note: Fractional parts of one-tenth of a brick or more are counted as entire brick; 
smaller fractions are disregarded. 
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Table 125. — 9-in. Rotary-kiln Blocks 



No. required to turn circle 

diameter 

48-66 

54-72 

60-78 

66-84 

72-90 

78-96 

4'0" 

23 






4'3" 

11 

13 





4'6" 


20 





4'9" 


14 

13 




5'0" 



28 




5'3" 



15 

14 



5'6 ” 




30 



5'9" 




12 

19 


6'0" 





32 


6'3" 


1 



14 

19 


72-90 

78-96 

1 

84-102 

90-108 

96-114 

102-120 

G'6" 


34 





6'9" 


10 

19 




TO” 



36 




7'3” 



17 

20 



TO” 




38 



T9” 




22 

17 


8'0” 





40 


8' 3” 





27 

14 

&'G” 






42 


102-120 

108-126 

114-132 

117-135 

120-138 

' 

123-141 

8'9” 

25 

18 





9'0” 


44 





9'3” 


27 

18 




9'6 " 



4G 




9'9” 




48 



lO'O " 





49 


10'3" 






50 


123-141 

126-144 

132-150 

138-156 

144-162 

150-168 

10'6" 


51 





10'9" 


14 

38 




ll'O" 



53 




11'3” 



24 

30 



1 TO” 




55 



11'9 ,: 




34 

22 


12'0" 





57 


12'3" 





24 

34 

12'6" 






59 


Note: Fractional parts of one-tenth of a brick or more are counted as entire brick; 
smaller fractions are disregarded. 
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fully fitted and not driven in too hard; otherwise the crown 
will be strained and the key cracked. Insulating-firebrick keys 
should never be hammered into place. 

6. Domes. Stresses in Domes. — As the stresses in domes 
are redundant, it is difficult to obtain an exact evaluation. 
The band stress, however, is approximately given by 

Total weight of dome 
cos }' 2 & 


2 irr m h m td 
cos 1 4 l 0 


in pounds 

where d = the bulk density of the refractory in lb. per cu. in. 
and the other symbols are shown in Fig. 403. 

It should be noted that in the same way as for the cylindrical 
roof, the spherical dome is not the most stable form. Fellows* 8 * 
and Goodier (3a) have shown that this limiting form approaches 
the surface of revolution formed by- an ellipse. Any dome 
inside this surface is stable. 

Brickwork Estimating . — -.The dome can be constructed of radial 
blocks with a double taper to fit the particular radius used, or it 
can be made out of standard shapes such as straights, wedges, 
and keys, as is the usual practice in kiln construction. It will 
be seen, however, that perfect fitting cannot be obtained in 
either case and mortar must be used to make up the difference. 
The estimation of brick for the dome is a little complicated, but 
the following method will probably be found satisfactory for 
most cases. 

With the Use of Special Blocks. — The spherical dome can be 
best constructed of special shapes having a large end of by 
and a taper such that a projection of their corners will 
pass through the center of curvature of the dome. This allows 
strictly- radial joints, and either 2J4- or 4j^-in. rings. However, 
as the rings approach the top of the crown, even these blocks 
will not fit perfectly unless hand cut. In practice, such shapes 
can be economically made by- grinding insulating firebrick, but 
with heavy- bricks this is not generally feasible. Table 12(i 
gives the dimensions of the small end of the bricks for 9 in. 
thick domes having various radii of curvature. 
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Size of dome, radius of • 

Size of inner ends 

curvature (inside surface) 

Width, in. 

Thickness, in. 

4 ft. 48 in. 

3.79 

2.11 

6 ft. =72 in. 

4.00 

2.22 

8 ft. = 96 in. 

4.12 

2.29 

10 ft. = 120 in. 

4.18 

2.33 

14 ft. = 168 in. 

4.28 

2.37 

18 ft. = 226 in. 

4.33 

2.40 

24 ft. = 288 in. 

4.36 

2.42 

30 ft. = 360 in. 

4.39 

2.44 

40 ft. = 480 in. 

4.42 

2.45 


With the Use of Standard Shapes . — Most domes are built up in 
j 214 -in. rings with combinations of straights and keys alternated 
j with 4j"4-in. rings of straights and wedges to give the curvature 
! in both directions. A by no means accurate fit can be obtained, 



and mortar must be used to fill the joints. The estimation of the 
brickwork has been rather empirical, but the following method 
will give fairly close results. 

Referring to Fig. 403, where a cross section of a typical dome 
is shown, the following relations are evident, all dimensions being 
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in inches. It is assumed, as in the usual construction, that all 
the rings are 2 J 4 in. wide. ? 11 

The area of the outer surface of the dome 


A = 2ir(r m + &£)h m 

Where h m = the rise = r m — 

The circumference of the segment at a — 2-jt 

The circumference of the segment at b = 2tt (r m — - A . g j n 1 
r _£* v V ^ / 2 


0 


0 


Circumference at a 
4.5 

Circumference at a 


4.5 - 4.0 


number of 9-in. equivalents in first ring, 
circumference at b 

= number of No. j 
keys in first ring 


Arc aai 


e 

360 


= 2 ^ (r m + g 
Arc bb 1 =2^(r m - 1 -t)± ) 


2.5 


— number of rings 


aai — bbx 

2 50 i gg number of No. 1 wedge rings 

The total number of 9-in. equivalents in the dome 

A 


4 

4.5 X 2.5 11.25 


Of these (g «i - &&i)/(2.50 - 1,88) 


are No. 1 wedges. 


The remainder have 


aai/2.5 

circumference at a — circumference at b 
4.50 - “ 


4.0 


circumference a 


No. 1 keys and the rest are straights. 
Example of Dome Calculations: 
Assume r £ — 120 in. 
t = 9 in. 

Q ~ 60 deg. 
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Circumference of segment at a = 2tt( 129) • = 406 in. 
Circumference of segment at b = 2tt(120) * ^ = 377 in. 


406 
4.5 ' 
406 - 
4.5 - 


= 90 nine-inch equivalents in first ring 
377 29 

4 ~q- = = 58 No. 1 keys in first ring 


aai — bbi 
250 - 1.88 


aai _ 129 X 2ttJ^ 
2.5 ~ 2.5 


= 54 rings 


129 X 2t r >6 - 120 X 2ttM 
0.62 


9.3 

0.62 


15 No. 1 wedge rings 


135.2 - 125.9 
0.62 


Total number of brick = 2j^ X 41 ^ = 1>230 nine-inch equiva- 
lents in whole dome 
1,230 X 1 5 T).i = 338 No. 1 wedges 
(1,230 - 388) 5 % o = 542 No. 1 keys 
1,230 — 880 = 350 straights 


Domes can be constructed with 4 l /£-in. rings, which are some- 
imes favored for movable structures like covers. The ealcula- 



Fig. 404. — Typical suspended-arch construction. Reintjes, each tile indi- 
vidually supported and removable. ( Courtesy of Power Magazine .) 

tion can be carried out in the same way. As each ring in the 
dome is self-supporting, a complete form is not needed. 

Steelwork . — The dome is particularly easy to brace because a 
simple tension band around the base will take care of the stresses 
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completely. The section of this band can be- easily computed 
from the formulas previously given, allowing a factor of safety 
of at least 5 to take care of the elevated temperatures, corrosion 
and scaling. 



b 

Fig. 404. — Detrick tile corrugated on all sides prevent spalled refractory from 
falling into furnace. 



Fig. 404. — American arch, alternate rows of tile removable without disturbing 
channel suspension. 

7. Suspended Arches. Firebrick Suspended Arches. — Sus- 
pended arches consist of a type of construction where individual 
refractory units are held in place by a metal support tied to an 
overhead framewxn-k. In this type of arch, a single unit can be 
replaced without disturbing the whole crown. There are a 
great many types of block used Jor constructing these arches, 


BRICKWORK CONSTRUCTION 


751 


pome of the best known being shown in Fig. 404. This type of 
construction is useful for fiat or special shaped roofs. It also 
allows an unlimited width. However, it cannot be insulated so 
completely as the sprung arch and is somewhat more costly. 



Fig. 404. — Bigelow-Liptak, double suspensions increase refractory that can be 

eroded. 



Fro. 404. — McLeod <fc Henry, each tile individually supported and removable. 

Insulating- firebrick Suspended Arches . — Insulating firebrick are 
particularly adapted to use in suspended arches because they are 
light in weight and thus permit an inexpensive supporting frame- 
work. Two typical types of suspended arch developed by the 
Babcock and Wilcox Company are shown in Fig. 405, where the 
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brick units are threaded on light steel or alloy rods and supported 
on light steel hangers. Such a roof is comparatively inexpensive 
r-Eecesses In br/cks erf ail hanger locations 


A sbesfos rope " 

-Arch width 

Expansion space -+-? 


liu 


Expansion space - -P II II 

7 q suit ~ To suit 

§ n di a. hangers I Standard weight steel pipes 


■IK 


rdia. rod 


Gil 


Asbestos rope - F'Er/ck assembly H 

Aren fengfh 

Expansion space 

Arch arrangement Pi pes parallel to rods 


Field mortar Joints $ approx. 

p (jrnace w /df p 


-r xcr. wo. — Arrai 
suspendt 

to set up an 
construction 
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furnaces and oil stills because there is no limit to the span that 
can be obtained. It also finds application in soaking pit covers 
where the light weight allows rapid action. 

In this type of roof, 9-in, straights can be used which are 
easy to drill and assemble. The high insulating value of the 
insulating firebrick keeps the supporting steelwork comparatively 
cool. Usually the whole roof, even when as large as 20 by 20 ft., 
is cemented together with air-set mortar into a monolithic 
structure with the only expansion joint around the edge. This 
joint should be sealed for gas tightness. 

8. Brick Laying. — It is needless to say that good refractory- 
construction requires the services of an experienced furnace- 
brick mason. Even under these conditions, complete drawings 
should be prepared for anything except the simplest structures. 
Joints should be kept thin, which is possible with modem 
refractories of uniform size. 

As to the cost of brick laying, it is hard to give any definite 
figure because of the variation in wages. In a general way, the 
cost of labor may be $50 per thousand on small jobs, depending, 
of course, on the amount of cutting. However, the brick con- 
tractor will have to add to the cost of labor, refractories', and 
mortar items such as hauling materials and tools, insurance, and 
old-age pensions, as well as overhead and profit. On small 
jobs, $75 to $100 per thousand should be allowed for laying costs 
in addition to the cost of the refractories; but on large jobs like 
an open-hearth furnace, $40 to $50 might cover the laying costs. 

When ordering brick, a certain amount in addition to that 
estimated must be added for losses in cutting, broken bricks, etc. 
This is called “overage” and amounts to from 2 to 5 per cent 
on large jobs to 10 or 15 per cent on small ones. If there is 
much cutting, the overage must be increased. It also should be 
remembered that when bricks come in cartons, the number 
ordered must be an even multiple of the number in the carton, 
which may make it necessary to purchase more bricks than 
actually needed. 
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APPENDIX 
Reference Tables 

Table 127. — Temperature-conversion Table 


(Dr. L. Waldo, in Metallurgical and Chemical Engineering , March, 1910) 


c 

0 

10 

20 

30 

40 

50 

60 

70 

80 

90 




F 

F 

F 

F 

F 

F 

F 

F 

F 

F 




— 328 

— 346 

— 364 

— 382 

— 400 

— 418 

— 436 

— 454 





— 100 

-148 

— 166 

-184 

— 202 

— 220 

— 238 

— 256 

— 274 

— 292 

— 310 



- 0 

+ 32 

+ 14 

— 4 

— 22 

— 40 

- 58 

- 76 

— 94 

— 112 

— 130 



0 

32 

50 

68 

86 

104 

122 

140 

158 

176 

194 

° C . 

°F. 

100 

212 

230 

248 

266 

284 

302 

320 

338 

356 

374 

1 

1.8 

200 

392 

410 

428 

446 

464 

482 

500 

518 

536 

554 

2 

3.6 

300 

572 

590 

608 

626 

644 

662 

680 

698 

• 716 

734 

3 

5.4 

400 

752 

770 

788 

806 

824 

842 

860 

878 

896 

914 

4 

7.2 

500 

; 932 

950 

968 

986 

1004 

1022 

1040 

1058 

1076 

1094 

5 

9.0 

600 

1112 

1130 

1148 

1166 

1184 

1202 

1220 

1238 

1 256 

1274 

6 

10.8 

700 

1292 

1310 

1328 

1346 

1364 

1382 

1400 

1418 

1436 

1454 

7 

12.6 

800 

1472 

1490 

1508 

1526 

1544 

1562 

1580 

1598 

1616 

1634 

8 

14.4 

900 

1652 

1670 

1688 

1706 

1724 

1742 

1760 

1778 

1796 

1814 

9 

36.2 

1000 

1832 

1850 

1868 

1886 

1904 

1922 

1940 

| 1958 

1976 

1994 

10 

18.0 

1100 

2012 

2030 

2048 

2066 

2084 

2102 

2120 

2138 

2156 

2174 



1200 

2192 

2210 

2228 

2246 

2264 

2282 

2300 

2318 

2336 

2354 



1300 

2372 

2390 

2408 

2426 

2444 

2462 

2480 

2498 

2516 

2534 

°F. | 

°C. 

1400 

2552 

2570 

2588 

2606 

2624 

2642 

2660 

2678 

2696 

2714 

1 

0.56 

1500 

2732 

2750 

2768 

2786 

2804 

2822 

2840 

2858 

2876 

2894 

2 

1.11 

1600 

2912 

2930 

2948 

2966 

2984 

3002 

3020 

3038 

3056 

3074 

3 

1.67 

1700 

3092 

3110 

3128 

3146 

3164 

3182 

3200 

3218 

3236 

3254 

4 

2.22 

1800 

3272 

3290 

3308 

3326 

3344 

3362 

3380 

3398 

3416 

3434 

5 

2.78 

1900 

3452 

3470 

3488 

3506 

3524 

3542 

3560 

3578 

3596 

3614 

o 

3.33 

2000 

3632 

3650 

3668 

3686 

3704 

3722 

3740 

3758 

3776 

3794 

7 

3.89 

2100 

3812 

3830 

3848 

3866 

3884 

3902 

3920 

3938 

3956 

3974 

8 

4.44 

2200 

3992 

4010 

4028 

4046; 

4064 

4082 

4100 1 

4118 

4136 

4154 

9 

5 . 00 

2300 

4172 

4190 

4208 

4226 

4244 

4262 

4280 

4298 

4316 

4334 

10 

5 . 56 

2400 

4352 

4370 

4388 

4406 

4424 

4442 

4460 

4478 

4496 

4514 

11 

6.11 

2500 

4532 

4550 

4568 

4586 

4604 

4622 

4640 

4658 

4676 

4694 

12 

6.67 

2600 

4712 

4730 

4748 

4766 

4784 

4802 

4820 

4838 

4856 

4874 

13 

7.22 

2700 

4892 

4910 

4928 

4946 

4964 

4982 

5000 

5018 

5036 

5054 

14 

7.78 

2800 

5072 

5090 

5108 

5126 

5144 

5162 

5180 

5198 

5216 

5234 

15 

8.33 

2900 

5252 

5270 

5288 

5306 

5324 

5342 

5360 

5378 

5396 

5414 

16 

8.89 

3000 

5432 

5450 

5468 

5486 

5504 

5522 

5540 

5558 

5576 

5594 

17 

9.44 

3100 

5612 

5630 

5648 

5666 

5684 

5702 

5720 

5738 

5756 

5774 

18 

10.00 

3200 

5792 

5810 

5828 

5846 

5864 

5882 

5900 

5918 

5936 

5954 



3300 

5972 

5990 

6008 

6026 

6044 

6062 

6080 

6098 

6116 

6134 



3400 

6152 

6170 

6188 

6206 

6224 

6242 

6260 

6278 

6296 

6314 



3500 

6332 

6350 

6368 

6386 

6404 

6422 

6440 

6458 

6476 

6494 



3600 

6512 

6530 

6548 

6566 

6584 

6602 

6620 

6638 

6656 

6674 



3700 

0692 

6710 

6728 

6646 

6764 

6782 

6800 

6818 

6836 

6854 



3800 

6872 

6890 

6908 

6920 

6944 

6962 

6980 

6998 

7016 

7034 



3900 

7052 

7070 

7088 

7106 

7124 

7142 

7160 

7178 

7196 

7211 




Examples- 1347°C. = 2444°F. + 3 2.6°F. = 245G.G°F.; 3307°F. = 1850°C. + 2.78°C. 
3 852.78°C. 
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Table 130. — Standard Calibration Data for Chromel-altjmel Couples 



Reference junction at 32°F. 

E.m.f., 

0 

10 

20 

30 

40 

50 

millivolts 










Tempera 

ture, °F. 



0 

32 

475 

905 

1329 

1772 

2250 

0.2 

41 

484 

913 

1338 

1781 

2260 

0.4 

50 

493 

922 

1346 

1790 

2270 

0.6 

off 

502 

930 

1355 

• 1799 

2280 

0.8 

68 

510 

939 

1363 

1808 

2290 

1 . 0 

77 

519 

947 

1372 

1818 

2300 

1.2 

86 

528 

956 

1380 

1827 

2310 

1.4 


537 

964 

1389 

1836 

2320 

1.6 

104 

546 

973 

1398 

1845 

2331 

1.8 

113 

554 

981 

1407 

1855 

2341 

2.0 

121 

563 

990 

1415 

1864 

2351 

2.2 

130 

572 

998 

1424 

1873 

2362 

2.4 

139 

580 

1006 

1433 

1882 

2372 

2.6 

147 

589 

1015 

1441 

1892 

2382 

2.8 

156 

598 

1023 

1450 

1901 

2393 

3.0 

165 

007 

1032 

1459 

1911 

2403 

3.2 

173 

615 

1040 

1467 

1920 

2413 

3:4 

182 

624 

1049 

1476 

1930 

2424 

3.6 

190 

632 

1057 

1485 

1939 

2434 

3.8 

199 

641 

1065 

1494 

1949 

2445 

4.0 

208 

650 

1074 

1503 

1958 

2455 

4.2 

217 

608 

1083 

1511 

1967 

2466 

4.4 

225 

067 

1091 

1520 

1977 

2476 

. 4.6 

234 

675 

1099 

1529 

198(5 

2487 

4.8 

243 

684 

1108 

1538 

1996 

2497 

5.0 

251 

093 

1116 

1547 

2005 


5.2 

260 

701 

1125 

1555 

2015 


5.4 

269 . 

710 

1133 

1564 

2024 


5.6 

278 

718 

1142 

1573 

2034 


5.8 

287 

727 

1150 

1582 

2044 


6.0 

290 

735 

1158 

1591 

2053 


0.2 

305 

7 44 

1167 

1600 

2063 


0.4 

314 

752 

1175 

1 609 

2072 


0.0 

323 

760 

1184 

1618 

2082 


0.8 

332 

7(59 

1193 

1627 

2092 


7.0 

341 

778 

1201 

103(5 

2101 


7. 2 

350 

786 

1210 

1045 

2111 


7! 4 

359 

795 

1218 

1 654 

2121 


7.6 

• 368 

803 

1227 

1663 

2130 


7.8 

377 

812 

1235 

1672 

2140 


8.0 

380 

820 

1243 

1680 

2150 


8.2 

395 

829 

1252 

1689 

2160 


8.4 

404 

838 

1260 

1698 

2170 


8.0 

413 

846 

1269 

1708 

2180 


8 . S 

422 

1 1 855 

1278 

1717 

2190 


0.0 

431 

! 863 

128(5 

1726 

2200 


0.2 

440 

i 872 

1 295 

1735 

2210 


0.4 

449 

880 

1303 

1744 

2220 


9.0 

457 

889 

1312 

1753 

2230 


9.8 

i 466 

l S97 

1320 

1762 

2240 


• 10.0 

475 

, 905 

1329 

1772 

2250 
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Table 131. — Standard Calibration Data for Thermocouples from 
Platinum and Platinum Alloyed with 10 Per Cent Rhodium 


E.m.f-i 

microvolts 

0 

1,000 

2,000 

3,000 

4,000 

5,000 

6,000 

7,000 

8,000 

9,000 

Temperatures °C. 

0 

0.0 

147.1 

205.4 

374.3 

478.1 

57S.3 

675.3 

769.5 

861.1 

950.4 

100 

17.8 

159.7 

270.0 

3S4 . 9 

48S.3 

588.1 

684.8 

778.8 

870.1 

959.2 

200 

34.5 

172. 1 

287.7 

395.4 

498.4 

597.9 

694.3 

788.0 

879.1 

968.0 

300 

50.3 

184.3 

298.7 

405.9 

508.5 

007.7 

703.8 

797. 2 

888.1 

976.7 

400 

65.4 

190.3 

309 . 7 

410.3 

518. G 

617.4 

713.3 

806.4 

897.1 

985.4 

500 

80.0 

208. 1 

320.6 

426.7 

528.6 

627.1 

722.7 

815. 6 

906 . 1 

994.1 

600 

94. 1 

219.7 

331.5 

437.1 

538.6 

636. S 

732. 1 

S24.7 

915.0 

1002 . 8 

700 

107. S 

231.2 

342 . 3 

447.4 

548. 6 

646.5 

741.5 

833.8 

923.9 

1011.5 

800 

121,2 

242.7 

353.0 

457.7 

55S.5 

656. 1 

750.9 

842.9 

932.8 

1020. 1 

900 

134.3 

254 . 1 

303.7 

407 . 9 

568.4 

665.7 

760.2 

852.0 

941.6 

1028'. 7 

1,000 

147.1 

205.4 

374.3 

47S. 1 

57S.3 

G75.3 

769 . 5 

861.1 

950.4 

1 

1037.3 


E.m.f., 

microvolts 

10,000 

11,000 

, 

12,000 

13,000 | 

14,000 | 

1 

15,000 

16,000 

17,000 

18,000 

Temperatures °C. 

0 i 

1037.3 

1122.2 

1205.9 

12S9.3 

1372.4 

1454 . 8 

1537.5 

1620.9 

1704.3 

100 | 

1045 . 9 

1130.0 

1214.2 

1297.7 

1380.7 

1463.0 

1545.8 

1629.2 

1712.6 

200 

1054 . 4 

1139.0 

1222.6 

1306 . 0 

13S9.0 

1471.2 

1554.1 

1637.6 

1721.0 

300 

1062.9 

1147.4 

1230.9 

1314.3 

1397.3 

1479.4 

1562.4 

1645.9 

1729.3 

400 

1071.4 

1155.8 

1239.3 

1322.6 

1405.61 

1487.7 

1570 . 8 

1654.3 

1737.7 

500 

1079.9 

| 1164.2 

1247.6 

1330.9 

1413.8 

1496.0 

1579.1 

1662.6 

1746.0 

000 

1088.4 

1172.5 

1255.9 

1339.2 

1422.0 

1504.3 

1587.5 

1670.9 

1754.3 

700 

1096.9 

1180.9 

1264.3 

1347.5 

1430.2 

1512.6 

1595.8 

1679.3 


800 

1105.4 

11S9.2 

1272.6 

1355 . 8 

1438.4 

1520.9 

1604.2 

1687 . 6 


900 

1113.8 

1197.6 

1281.0 

1364 . 1 

1446 . 6 

1529 . 2 

1612.5 

1696. 0 


1,000 

1122,2 

1205.9 

1289.3 

1372.4 

1454.8 

1537.5 

1620.9 

1704 . 3 
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Table 132. — Standard Calibration Data .for Thermocouples from 
Platinum and Platinum Alloyed with 10 Per Cent Rhodium 



0 

1,000 

1 2,000 

3,000 4,000 5,000 6,000 7,000 8,000 

9,000 

E.m.f., 



i 



microvolts 










Temperatures °F. 


0 

32.0 

296.8 

509.7 

705.7 892.6 1072.9 1247.5 1417.1 1582.0 

1742.7 

100 

42.0 

319.5 

529.9 

724.8 910.9 1090.6 1264.6 1433.8 1598.2 

1758.6 

200 

94. 1 

341. S 

549.9 

743.7 929.1 1108.2 1281.7 1450.4 1614.4 

1774.4 

300 

122.5 

363.7 

569.7 

762.6 947.3 1125.9 1298.8 1407.0 1630.6 

1790.1 

400 

149.7 

385.3 

589. 5 

781.3 965.5 1143.3 1315.9 1483.5 1646.8 

1805.7 

-500 

176.0 

406.6 

609.1 

800.1 983.5 1160.8 1332.9 1500.1 1663.0 

1821.4 

600 

201.4 

427.5 

628.7 

818.8 1001.5 1178.2 1349.8 1516.5 1679.0 

1837.0 

700 

226.0 

448.2 

648.1 

837.3 1019.5 1195.7 1366.7 1532.8 1694.8 

1852.7 

800 

250.2 

468.9 

667.4 

! 855.9 1037.3 1213.0 1383.6 1549.2 1711.0 

1S6S.2 

900 

273.7 

489.4 

686.7 

874.2 1055.1 1230.3 1400.4 1505.6 1726.9 

1883.7 

1,000 

296. S 

509.7 

705.7 

892.6 1072.9 1247.5 1417.1 15S2.0 1742.7 

1899.1 


10,000 ] 

L1,000 

12,000 

13,000 14,000 15,000 16,000 17,000 

18,000 

E.m.f., 







microvolts 


Temperatures °F. 


0 

1899 . 1 

2052.0 

2202.6 

2352.7 

2502.3 

2650.6 

2799.5 

2949.6 3099.7 

100 

1914.6 

2067.1 

2217.6 

2367.9 

2517.3 

2665.4 

2814.4 

2964.6 3114.7 

200 

1929 . 9 

2082.2 

2232.7 

2382. S 

2532.2 

26S0.2 

2829.4 

2979.7 3129.8 

300 

1945.2 

2097 . 3 

' 2247.6 

2397.7 

2547.1 

2694.9 

2844.3 

2994.6 3144.7 

400 

1960.5 

2112.4 

| 2202.7 

2412.7 

2562.1 

2709.9 

2859.4 

3009.7 3159. D 

500 

1975.8 

2127.6 

2277.7 

2427 . 6 

2576.8 

2724.8 

2S74-.4 

3024.7 3174.8 

600 

1991.1 

2142.5 

2292.6 

2442.6 

2591.6 

2739.7 

2889.5 

3039.6 3189.7 

700 

2006.4 

2157.6 

2307.7 

2457 . 5 

2606.4 

2754.7 

2904.4 

3054 . 7 

800 

2021.7 

2172.6 

2322.7 

2472.4 

2621.1 

2709 . 6 

2919.0 

3009 . 7 

900 

2036.8 

2187.7 

2337.8 

2487.4 

2635.9 

2784 . 6 

2934.5 

3084.8 

1,000 

2052.0 

2202 . 6 

2352.7 

2502 . 3 

2650.6 

2799 . 5 

2949 . 6 

3099.7 
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TiBi® 133 .— -Standard Calibration Data for Copper-const ant an 
Thermocouple 



microvolts 

Temperatures C. 


0 

100 

200 

300 

400 

500 

GOO 

700 

S00 

900 

1,000 


0.0 

25 . 3 

49.2 

72. 1 

1 

94. 1 

115.3 

135.9 

155.9 

175.5 

194.6 

2.G 

27.7 

51.5 

74.3 

96.2 

117.4 

137.9 

1.57.0 

177.4 

196.5 

5.2 

30.2 

53.9 

70.5 

98.4 

119 . 5 

140.0 

159.9 

179.4 

198. 4 

7.7 

32.0 

56 . 2 

78. S 

100.5 

121.0 

142.0 

1G1.9 

181.3 

200.3 

10.3 

35.0 

58. 5 

S1.0 

102.7 

123. G 

144.0 

1G3.8 

183.2 

202.2 

12. S 

37.4 

GO. 8 

83.2 

104.8 

125.7 

146.0 

1G5.8 

185.1 

204.0 

15.3 

39.8 

03.0 

85.4 

10G.9 

127.7 

14S.0 

167.7 

187.0 

205.9 

17. S 

42.2 

65 . 3 

87.0 

109.0 

129.8 

150 . 0 

1G9.7 

1S8.0 

207. S 

20.3 

44.5 

07. G 

89.7 

111.1 

131. S 

152.0 

171.6 

190.8 

209. S 

22.8 

40.9 

09.8 

91.0 

113.2 

133.9 

154.0 

173.6 

192.7 

211.5 

25.3 

49.2 

72. 1 

94.1 

115.3 

135.9 

1 

155.9 

175.5 

194.6 

213.4 


10,000 | 11,000 | 12,000 13,000 14,000 15,000 j 10,000 j 17,000 j 18,000 


Temperatures °C. 


0 

213.4 

231.7 

249. S 

207 . 0 

285 . 1 

302.4 

319.5 

33G.4 

100 

215.2 

233. G 

251. G 

209.4 

280 . 9 

304.1 

321.2 

338.0 

200 

217.2 

235.4 

253.4 

271.1 

2SS . 0 

305.9 

322.9 

339.7 

300 

218.9 

237.2 

255.2 

272.9 

290.3 

307.6 

324.6 

341.4 

400 

220. S 

239.0 

. 257.0 

274.0 

292.1 

309.3 

326.3 

343.1 

500 

222. G 

240. S 

! 258.7 

270.4 

293.8 

311.0 

327.9 

344.7 

000 

224.4 

242. G 

200.5 

278.2 

295.5 

312.7 

329.6 

34G.4 

700 

220.3 

244.4 

262.3 

279.9 

297.3 

314.4 

331.3 

348.1 

800 

228. 1 

240. 2 

204 . 1 

281. G 

299.0 

31G.1 

333.0 

349.7 

900 

229 . 9 

j 248.0 

205 . 8 

2S3.4 

300.7 

317.8 

334.7 

351.4 

1,000 

231.7 

249.8 

207 . 0 

285 . 1 

302.4 

1 

319.5 

336 . 4 

353. 1 
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Table 134. — Standard Calibration Data for Copper-constant** 

Thermocouple 


E.m.f., 
mi fro volts 

o • 

1,000 

2,000 

3,000 

4,000 

5,000 

6,000 

7,000 

8,000 

9,000 

Temperatures °F. 


0 

32.0 

77.5 

120.6 

161.7 

201.3 

239.6 

270.0 

312.7 

347.9 

382 3 

100 

36.7 

81.9 

124.8 

165.7 

205.2 

243.3 

280.3 

314.6 

351.4 

3S5 7 

200 

41.4 

86.3 

128.9 

169.8 

209.1 

247.1 

283.9 

319.8 

354.8 

389.1 

300 

45.9 

90.6 

133.1 

173.9 

212.9 

250. S 

287.6 

323.3 

358.3 

392.5 

400 

50.5 

95.0 

137.2 

177.7 

216.8 

254.5 

291.2 

326.9 

361.8 

395 . 9 

500 

55.0 

99.3 

141.4 

181.7 

220.6 

258.2 

294.8 

330.4 

365.2 

399.3 

000 

59.5 

103.6 

145.5 

185.7 

224.4 

261.9 

298.4 

333 . 9 

368.6 

402.9 

700 

04.0 

107.9 

149.5 

189.6 

228.2 

265.6 

302.0 

337.4 

‘370.4 

! 40G.O 

800 

08.5 

112.1 

153.6 

193.5 

232.0 

209.3 

305.6 

340.9 

375,6 

409.3 

900 

73.0 

11G.3 

157.7 

197.4 

235.8 

273.0 

309.1 

344.4 

378.9 

412.7 

1 , 000 


120.0 

161.7 

201.3 

239.0 

27 6.0 

312.7 

347.9 

382.3 

41G..0 


E.m.f., 

microvolts 

10,000 

11,000 

12,000 

| 13,000 

14,000 

15,000 

10,000 

17,000 

18,000 

19,000 

Temperatures °F. 

0 

410.0 

449.1 

481.7 

513.7 

545.2 

576.4 

607.1 

637.4 

667.6 


100 

419.4 

452.4 

484.9 

516.8 

548.4 

579.4 

610.1 

640.5 



200 

423.0 

455.7 

488. 1 

519.0 

551.5 

582.5 

613.2 

643.5 



300 

426.0 

459.0 

491.3 

523.2 

554.6 

585.6 

616.2 

646.5 



400 

429.3 

462.2 

494.5 

526.4 

557.7 

588.7 

619.3 

649.5 



500 

432.7 

465.5 

497.7 

529.5 

560.8 

591.8 

622.3 

G52. & 



600 

430.0 

468.7 

500.9 

532.7 

564.0 

594.8 

625.4 

655.5 



700 

439 . 3 

472.0 

504.1 

535.8 

567.1 

597.9 

628.4 

658.5 



800 

442 . 6 

475.2 

507.3 

539.0 

570.2 

601.0 

631.4 

661.6 



900 

445.9 

478.4 

510.5 

542. 1 

573.6 

604.0 

634.4 

664.6 



1 ,000 

449.1 

481.7 

513. 7 j 

i 

545.2 

576.4 

607. 1 

637.4 

667.6 
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Table 135. — Formulas Useful in Calculations 



Rectangle: 

Area = ab 





Triangle: 



a a h 

Area - T 

Regular Polygon: 

Sides 

Area 

5 

1 . 720 X £ 2 

G 

2.598 X *S 2 

7 

3 . 634 X £ 2 

8 

4.828 X S* 

9 

6.182 X /S’ 2 

10 

7 . 694 X & 2 

11 

9.366 X S 2 

12 

11 . 196 X £ 2 

Circle: 


Circumference 

= ird = 2irr 


Diameter = 2r — — — 2 

7 r ’ 7T 


T , 3 - d C ^ /area 

Radius - g - K = V— 

Area — = irr- = 0.78o4d 2 


Length of chord, x = 2 \/ a(d — a) 2 = 2r(sin L£0) 




Segment: 
Area — 


H — #(r — a) 


Height of arc above chord, a — r — ^ fr 2 — 

_(il 


Radius, when chord and height are known, r 

0 _ 0 _ 

3(50 7r/ ’ 180 


Length of arc, l = 2?rr = irr ^ 


+ 

2/i 


Sector: 


Area 



0 

3(50 



Annulus ( Circular Ring): 

Area = tt (r| — rf) 

= 7r(r 2 + ri)(r* — ri) 
= 0.7854 (di - d\) 
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Ellipse: 

Area | Dd 0.7854 Dd 

Perimeter (approx.) = 2?r yj ^' 2 ~j~ 



Skewbacks : 

To find a skew to fit a given arch : 

1. Find subtended angle 6 
' 2. Find sine and cosine of X ->Q 

3. H = thickness of arch X sin 

4. V = thickness of arch X cos }^d 

Slope of the skewback from the horizontal = 
90° — }4d 


Kc-H 



Circle Brick: 

Radius of radial brick, r = — — - 

(C — c) 

Number of radial brick to make a circle: 
n = ^ N diameter of circle 
thickness of large end 
2irr 

C~ 

Number of straights to fill out a circle of given dia- 
meter using given number of radial brick: 

7i-(given outside diameter) 

n _ — (possible diameter with radial brick) 

thickness of straight 




Cylinder: 

Volume = 7 rr 2 a 

= 0.7854 d°-a 

Cylindrical surface area = 7 r da 
Total surface area = 2irr(r -j- a) 


Regular Triangular Prisms: 

Volume = k^bha 

Lateral surface area = (b + m + n) a 
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Pyramid: 

, r . area of base 

Volume = 

"Lateral surface area = 


X a 

perimeter of base X 
2 


Cone : 

, 7 rr 2 a 

Volume = ~ — 

= 0.2618 el 2 a 

Lateral surface area = irrs 


Frustutn of Pyramid: 
Lateral surface area 


(P + p)s 
2 _ 


Volume = | (b +/H Vtf&) 

whore P — perimeter of lower base 
p = perimeter of upper base 
B — area of lower base 
b = area, of upper base 



Frus/uot of Cone : 

Volume = g (6 + « + V5&), or 

= a(d\ + d L d, + di) 

Area of conic surface = 7 ~ (<h -f- d->) 

S phere: 

Area of surface — 4 rr 2 = ir< l 2 — 12.566r 2 
Volume = 4.1888r a 

7i > 0.5236rZ :i 



Beg met it of Sphere: 

Area of si^herioal surface = 2-rrrh — (d 2 47i 2 ) 

Volume : irh~ 
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brasion, in blast furnace, 613 
effect of temperature on, (KM 
rattler test for, 003 
sand blast test for, 003 
brasion resistance, 603 
bstracts, bibliography of, 1 5 

.ccessory minerals in clay, 111 
dsorbed ions, 140 
ftershrinkage, 531, 632 
test for, 535 

(See also Reheat, shrinkage) 
ir-cooled walls for boiler furnaces, 
667-669 

ir furnace for malleable iron, 023, 
629 

ir hammer for ramming shapes, 235 
ir locks for tunnel kilns, 365 
ir ramming of shapes, 232, 2 15 
ir separators, 196 
Ir-water-clav system, 205, 206 
cron, 23, 24 
exandrite, 37 
kali bromides, 52 
kali vapors, 503 
lophane, 136, 144 
analysis of, 145 
lotropic change, 528 
ilumina, 153 
dumina, 153 
umina, forms of, 152 
for tank blocks, 688 
uminates, equilibrium diagrams 
of, 407 

melting point of, 401 
uminum, manufacture of, 001 
aanda furnace, 24 
aboy, 19 

fieri can arch air-cooled wall, 668 


American suspended arch, 750 
Amphiboles, structure of, 77, 78 
Analyses, of ball clays, 145 
of chrome ores, 160 
of diatomaeeous earths, 155 
i of fireclays, 147 
of high-alumina clays, 148 
of magnesite, 157 
of minerals related to kaolinitc, 
145 

of quartzites, 154 
of typical kaolins, 144 
of typical slags and glasses, 495 
of zirconium minerals, 161 
Amita.se, t hermal conductivity of, 82 
Anauxite, 136 

Anchor bolts, for walls, 709 
Andalusite, 301 

firing properties of, 302 
thin section of, 151 
Angle bung, 572 

Anhydrite, thermal conductivity of, 
82 

Annulus, properties of, 763 
Anorthite, in slags, 503, 504 
Apparatus, differential thermal, 138 
for measuring drying shrinkage, 
267 

for measuring particle size, 590 
for measuring workability of clay, 
209 

Aragonite, 72 
Arch, bonded, 722 

brick, table of, 730, 735, 736 

bung, 628, 724 

catenary, 716 

circular, data on, 714, 715 

double, 724 

forms for, 743 

jack, 722, 724 


181 
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REFRACTORIES 


Arch, perforated, 726 
relieving, 724 
ribbed, 723 
ring, 722, 723 
shapes, 713 

spans and thicknesses, 717 
special, 722 
steelwork for, 720 
1 stresses, 713 
Area mean, 596 

Arsenic, effect of, on refractories, 508 
Asbestos, structure of, 77 
Ashland, 24 

Atom, vector model of, 40 
Atomic arrangement, 30 
Atomic formulas, 67 
Atomic motif, 30 
Atomic number, 40, 56, 57 
Atomic radii, 55-57 
Atomic structure, 39, 42 
Atomic weights, table of, 57 
Atoms, electron configuration of, 45 
packing of, 46 
radii of, 53 
Auger, 228 
deairing, 229 

Axes, crystallographic, 36 
B 

Baddeleyite, 161 
Baffle, 670 

Bailey stud-tube, 669, 673 
Ball clays, 145 

particle size of, 142 
Ball mills, 192, 193 
capacity of, 196 
Baltimore, 18, 22 
Barite, 77 

Base-exchange capacity, 139 
Bases, exchangeable, 139 
Bauxite, 148, 150, 170 
Bauxite deposits, Arkansas, 25 
Beidellite, 136 
Bellport furnace, 24 
Bennington, 17, 19-21, 25 
Bessemer converter, 632 
Bibliographies, list of, 14 


Bigelow-Liptak, air-cooled wall, 668 
Billet-heating furnace, 637 
Black liquor, 677 
Black-liquor furnace, 678 
Blast furnace, 611 

service conditions in, 615 
Bloating, 310 
Blow pipe, 347 
Blunge, 216 
Boehmite, 290 

Boiler furnace, chain-grate stoker 
for, 669, 670 
development of, 666 
marine, 676 
oil fired, 674, 675 
powdered coal' fired, 671, 672 
refractories for, 666 
Bolivar, 24 
Bond, covalent, 50 
ionic, 50 
metallic, 50 
van der Waals’, 50 
Bonding, of arch, 722 
atomic, 47 
chemical, 252 

composite walls, method of, 705 
range, 376 
of walls, 704 
Bonds, 699, 702 
Books, list of, 8 

Borides, melting point of, 397, 401 

Borosilicate glass, 685 

Bosh, 611, 613 

Boston, 19; 21, 22 

Bottom, 698 

Braintree, 18 

Brass, melting of, 654, 655 
Brass-melting furnace, 651 
Bravais space lattices, 33 
Brick, chrome, 242 
drying of, 279 
molding of, 242 
chrome-magnesite, 622 
dry press, 235 
forsterite, 651 
hand-made, 218 
high-alumina, 148 
laying, cost of, 753 
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Brick, magnesite; 242 
drying of, 279 
molding of, 242 
soft-mud, 231 
stiff-mud, 231 

structure, effect of spalling: on, 485 
Brickwork construction, 698 
estimating, for domes, 74(5 
estimation, 733 
Buckstay, 721 
types of, 722 
Bulkheads, 620 

Bung arch, brick shapes Tor, 572 
Bungs, 628, 682 
life of, 632 
of saggers, 682 
Burner, air-atomizing, 330 
mechanical atomizing, 330 
opening, 712 
steam-atomizing, 330 
tiles, 573, 712 

By-product coke ovens, 092 
classification of refractories, 093 

C 

Dalcite, 72 

thermal conductivity of, 81 
Calorimeter, 549 
Calorimeter method, 547 
Canon City, 24 

Car speed, in tunnel kilns, 305 
Carbides, melting point of, 397, 402 
Carbon blocks, in blast furnace, 013 
Carbon monoxide, action on refrac- 
tories, 508 

Carbon tube resistance furnace, 391 
Carburetor, 694 
Carnegieite, 73, 74 
lasting, drain, 215 
methods of, 216 
process of, 212 
refractory concrete, 380 
slip, 212 

formula for, 213 
solid, 215 

Catalogue of spac.ings for X-ray 
lines, 112 


Catenary, 710 
Cement rock, 691 
Center of inversion, 31 
Centrifuge, long-arm, 590 
( .eria, 1 6 1 

Cesium chloride, 52 
-Chain structures, 89 
Chamber in kiln, 35(5 
Chamber kilns, 357 
Checker brick, size of, 572, 694 
Checker chambers, open-hearth steel 
furnace, 622 
Checkers, 616, 622 
Clieckerwork, in tunnel kilns, 363 
Chemical bonding, 252 
Chemical methods of ore treatment, 
197 

Chemically bonded magnesite, <548 
China clay, 144 
Chlorite, 91 

Chrome bricks, burning of, 368 
Chrome ore, 674, 679 
Chrome plasties, 660 
Chrome refractories, early history of, 
25 

Chromite, 25, 159, 160, 305 
Cinnabar, 82 
Circle, properties of, 763 
Circle brick, sizes of, 571, 764 
table of, 742 

Circular arch, characteristics of, 714 
Clay, bauxitic, 130 
hurley, 130 
classification of, 134 
crucibles, sizes of, 578 
diaspore, 130 
firing of, 282 
flint, 131 

high-alumina, 147 
minerals, 133, 136, 137 
nature of, 131 
origin of, 132 
residual, 133 
storage system, 200 
transported, 133 
workability of, 202 
Clay refractories, production of, 2 
Cleavage, 76 -78, 211* 
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Cleavage surface, 99 
Coal, 170, 335 
Coal-asli slag, 502 
Coatings, brickwork, 373, 382 
Coefficient of thermal expansion, 
effect on spalling, 473 
measurement of, 522, 524 
values of, 526-532 
Coke-oven shapes, 572 
Coking process, 692 
Color of minerals, 123 
Colorado, early firebrick manu- 
facturing, 24 

Combustion gas, properties of, 340 _ 
Combustion zone, 360 
Components of a system, 404, 405 
Composite wall, 545 
Composition of slags and glasses, 494 
Compression test, 441 
Computation of heat flow, in com- 
pound wall, 557 
in cylinders, 559, 
in simple wall, 555 
Concretes, refractory, 373 
Condenser in zinc manufacture, 655, 
656 

Conduction, heat, 341, 546 
Cone, fusion point, 392 
properties of, 765 
pyrometric, table of, 756 
test, 387-389 
Connells ville, 24 

Constant-rate period of drying, 262 
Continuous glass tank, 683 
Continuous kilns, 881 
Control, chemical, of raw materials, 
313 

Convection, heat, 341, 546 
Conversion factors, heat units, 544 
Cooling zone, of tunnel kiln, 361 
Coordination, 85 
Coordination number, 50, 51, 53 
Copper alloys, anode refining furnace 
for, 649 

converters, 648-650 
industry, classification of refrac- 
tories for, 652 
melting of, 651 


Copper alloys, production of, 645 
655 

reverberatory matting furnace 
647 

Coreless induction furnace, 635 
Corner posts for kiln furniture, 683 
Corundum, occurrence of, 153 
in slags, 505 

thermal expansion of, 82 
Couples, chromel-alumel, table of 
757, 758 

Covalent bond, 48 
Cracks developed, in brick, 464 
in spalling, 463 
in sphere, 464 
Creep tests, long-time, 447 
Cristobalite, density of, 299, 300 
expansion properties of, 529, 531 
structure of, 71, 74, 298 
high, 298 
low, 298 

Critical point, in drying, 262, 263 
in plastic mixes, 206 
Crown, 720 

Crucibles, in blast furnace, 612 
clay, 579 

early history of, 17 
graphite, 580 
size of, 581 

Crushers, gyratory, 191 
hammer-mill, 192 
jaw, 191 
ring-roll, 192 
roll, 191 
Crushing, 189 

Crushing strength, of refractories, 
602 

Crystal, 28 

chemistry, 38, 59 

class, 34 

covalent, 77 

growth of, 92, 93 

habit variation of, 101, 102 

identification of, 106 

ionic, 77 

microscopic, 97 

mixed, 60 

systems, 34 
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'Cupola, 616 
- section of, 617 
; Cupola blocks, 571 
! table of, 743, 744 
i Cutter, wire, 230 
j Cylinder, properties of, 761 
I Cylindrical method of measuring 
thermal conductivity, 560 

ID 


Daxad, 589 

Day tanks for glass, OSS 
Deairing auger, 230 
Deairing dry press, 24 1 
Defect lattices, 61 
Deflocculating agent, 589 
Deflocculation, 204 
Deflocculents, 212, 213 
Degrees of freedom, 401 
Delaware, early fire brick manufac- 
turing, 22 

Density, melting point relation, 39, S 
of silica minerals, 299, 300 
true, measurement of, 001— 003 
Detrick, air-cooled wall, 668 
suspended-arch, 750 
Dialysis cell, 140 
Diamond, structure of, 52 
Diaspore, effect of heat on, 290 
Missouri, 25 
occurrence of, 148 
physical properties of, 170 
structure of, 136 
thermal curve of, 139 
)iatomaceous earth, 150, 170 
analysis of, 155 
dekite, 136 
lie wear, 249 
dffusion, 498 

dffusivity, thermal, 466, 473, 4S8 

'ilatency, 202 

inas silica, 24 

isilicates, 85, 86, 89 

isordered structure, 62 

istribution of electrons, 41 

olomite, 158, 170 


Dome calculations, 748 
‘Stresses in, 746 
Domestic heating, 695 
Door eons trnc tion, 711 
Door openings, 710, 711 
1 Double substitution, 68 
1 Dover, 23 
Downtakos, 622 

Drier, types of, 275 
Drier calculations, 274= 

Drier conditions, 279 
1 >i\v Pan, 190, 192 
Dry press, 235-243 

Dry strength, 141, 143, 271 

Drying efficiency, examples of, 273 
i actors influencing, 272 
mechanism of, 262 
Drying rate, maximum, 272 
sand-water mixes, 263 
Drving-rate curve, 265 
Drying schedule, for firebrick, 278 
Drying shrinkage, 143, 266 

apparatus for determining, 267 
* measurement of, 267 
mechanism, of, 266 
Ducts, 712 

Dutch Chiiana, 25,- 13 s 
1 Dwight Lloyd roasting furnace, 657 


Hast Liverpool, 22 

10 fleet of burning temperature on 
spall ing, 486 
141 Tic. ion cy of kilns, 34-4= 

Elasticity, 202 

141asticopla.stic material, 438 
341 astico viscous material, 439 

Electric-are furnaces, 633 
Electrical resistivity, measurement 
of, 004 


Electrically fused magnesite, 655 
Kloolroclcs, ((33 

Electron microscope o9 ° 

Electrons, 39-41, 44 

Electrostatic separation, 197 

Elcetrothcrrnie zinc fcxrnace, 657 
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Ellipse, properties of, 764 
Elutriation, 595 
Enameling, cast-iron, 695 
sheet-steel, 696 

End walls, of open-hearth furnace, 
620 

Endless-chain excavator, 186 
Equilibrium, 405 
diagrams, 408—432 
interpretation of, 405 
list of, 407 

methods of obtaining, 405 
Erosion, of typical glass tank, 514 
Eutectic point, 406 
Evaporation chart, 263 
Expansion, characteristics of, 526, 
530 

of silica minerals, 529, 531 
thermal, measurement of, 522 
Expansion curves, 526-529 
Expansion joints, 699, 706 
in arches, 729, 733 
width of, 708 

Exsolution intergrowtli, 100 „ 107 


Falling-rate period in dr ying, 263 
Fayalite, 507 
Filter-pressed, 217 
Firebrick (see Brick) 

Fireclay, analysis of, 145, 147 
definition of, 130 
drying shrinkage of, 271 
firing shrinkage of, 295-297 
flint, 147 

geologic distribution of, 133, 135 
mining of, 183 
occurrence of, 145 
particle size of, 142 
plastic, 147 
porosity of, 295—297 
thermal curve of, 283 
Fireclay bricks, early history of, IS 
super-duty, 147 
Fireclay muffles, sizes of, 578 
Firestone, 156 

Fire travel, in continuous kilns, 357 


Firing properties, of kyanite min- 
erals, 301 

Fizeau interferometer, 522 
Flaws, in crystal lattice, 101 
in tank blocks, 688 
Flexibility, 469 

means of attaining, 488 
in shear, measurement of, 473 
Flocc ulent, 247 

Floor openings, of furnaces, 699 
in kilns, 343, 353 

Florida, early firebrick manufactur- 
ing, 22 

Flotation, 197 
Flow, of crystals, 438 

of heat through walls, 555 
of mixture of crystals and glass 
438 

of steel, 627 
types of, 202 

Flow characteristics, of glass, 437 
Flow field of a porcelain, 439 
Flow properties, of plastic body, 207 
Flow rate, of refractory, 447 
Flow relation, 440 

in kaolin suspension, 204 
Flue, construction of, 712 
Flue arrangements for kilns, 353 
Fluid, definition of, 202 
Fluorescence, 122 , 286 
Fluorite, 77 
Flux blocks, 685, 68 S 
sizes of, 571 

Forces, van der Wauls', 49 
Formulas useful in calculations, 763 
Forsterite bricks, 651 
Foundations, 698 
Fourier's equation, 466 
Frederick, 18 
Fritting, enamel, 696 
Frustum, of cone, properties of, 765 
of pyramid, properties of, 765 
Fuel consumption, for compartment 
kilns, 357 
expression of, 344 
for periodic kilns, 355 
for tunnel kilns, 360 
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Furnace, Ajax- Wyatt, 654 
black-liquor, 676 
boiler, oil-fired, 675 

powdered-coal-fired, 671 
bright annealing, 639 
car bottom stress-relieving, 638 
forging, 638 

for fusion point, 390, 391, 393 
heat-treating, 638 
induction-melting, 654 
for kilns, 362 
lead-drossing, 661 
for load test, 441, 445 
to measure coefficient of expan- 
sion, 524 

rocking indirect-arc, 654 
for shrinkage test, 522, 521 
for slag test, 500, 501 
for spalling test, 448, 449 
stress-relieving, 638 
for thermal conductivity, 548 
vacuum, 393 
zinc distillation, 656 
Fusion point, of bricks, 403 
determination of, 386, 389 
effect of atmosphere on, 395 
effect of composition on, 396 
furnace for, 390 
of mortar, 376 
value of, 403 

( See also Melting point; Soften- 
ing point) 

Fusion process, 385 

G 

Galena, 99 

Ganister, occurrence of, 154 
properties of, 170 
ramming mixes, 378 
Gas, bubbles of, 247 
natural, 339 
premixed, 348 
producer, 339 
production of, 692 
velocity of, 361 
Gas burners, 346 


Gibbsite, analysis of, 148 
effects of, on heating, 290 
early use of, 25 
occurrence of, 14S 
properties of, 170 
structure of, 137 
thermal curve of, 139 
Glass, analysis of, 495 
early history of, 28 
soda-lime, 505 

Glass erosion of refractories, 688 
Glass furnace, 684 

classification of refractories, 686 
Glass pots, 582, 688 
early history, 17 
sizes of, 581 
Glass refractories, 683 
Glass stones, 506 
Glass tank, 685 

action of glass on, 513 
blocks, sizes of, 570 
bottom, construction of, 698 
Glaze, for high-temperature porce- 
lains, 583 
Glide plane, 31 
Goethite, 290 
Golden, 24 

Graphite crucibles, occurrence of, 
170 

sizes of, 581 
structure, 52, 78 
thermal conductivity of, S2 
Great Falls copper converter, 648 
Grog size, control of, 312 

effect of, on spalling, 486 
sizing, 249 
use of, 307 

Growth velocities, in crystallization, 
94, 95 

Guard ring, for calorimeter, 549 
Gypsum, 82 
Gyratory crusher, 190 

H 

Halloysite, analysis of, 145 
occurrence of, 144 
structure of, 136, 137 
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Hammer mill, 193 
Hand molding, of shapes, 221 
Hand ramming, dry-press consist- 
ency, 243 
Hand repress, 225 
Hardness, 75 

of, clay, on heating., 285 
as means of identification, 122 
relation of, to melting point, 76, 
39S 

Harmonic -flow method, 551 
Headers, 702 
Hearth, 613, 699 
Hearth blocks, 699 
Heat, absorption of, 283 

balance of, in kilns, 344, 345, 356 
changes in, methods of measur- 
ing, 282 

conduction of, laws of, 543 
effect of, on hydrated minerals, 
290 

on raw clay, 282 

evolution of, in minerals, 283, 2S7 
losses of, 355, 560 
production of, 334 
quantity to fire ware, 315 
specific, 314 

storage capacities of wall struc- 
tures, 560 
transfer of, 341 
theory of, 546 
transmission of, 543, 556 
variable flow of, 545 
Heat -penetration curves, 546 
Hematite, 66, 290 
High-alumina block, 6S9 
High-alumina brick, 648, 660 
early history of, 25 
High-alumina grog, 538 
High-alumina shapes, 654 
High-frequency induction melting 
furnaces, 634 

High grog casting slip formula, 214 
Homestead, 25 

Hopper-type bottom boiler furnace, 
674 

Horizontal expansion joints, 707 
Hot-blast stove checker brick, 572 


Hot floor, 275 
Plot tops, 627 
Hydraulic pusher, 365 
Hydrocarbon gases, 509 
Hydrometer method of measuring 
particle size, 589 
Hydromica, 136 

I 

Illite, 136, 290 

Imago shift, in reading telescope, 525 
Immersion liquids, 121 
Immersion methods, 115, 120 
Incinerators, 695 

Index of minerals from X-ray pat- 
terns, 109 
Indianaite, 144 

Induced currents, for heating metals, 
654 

Insulating firebrick, 450, 752 
anchoring of, 708, 709 
in boiler furnaces, 675 
in domes, 746 
as duct lining, 713 
molding of, 244 
skewbacks of, 719, 720 
sprung arches, 718, 743 
in suspended arches, 751—753 
value of, 638 

Insulation, application of, 710 
bonding of, 702, 705 
of copper reverberatory furnace, 
648 

of glass tanks, 688 
of hearths, 699 
of kilns, 346 
of ladles, 626 
Interaxial angles, 35 
Interferometer method for measure- 
ment of thermal expansion, 522 
Intergrowths, oriented, 103 
Interionic distances, 76 
Interstitial solid solutions, 61 
Inversion, in crystals, 70 
of silica minerals, 528 
Ionic bonds, 48 
Ionic radii, 53-57 
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Ions, 57 

Isochromatic bands, 458 
Isoclinic lines, 458 
Isomorphism, 58, 59 
Isothermals, 463 
Isotopes, 40 

K . 

Kaolin, analysis of, 144 
definition of, 131 
heat changes in, 286 
occurrence of, 143, 144 
particle size of, 142 
properties of, 170 
residual, 131 
sedimentary, 131 

Kaolin bricks, in boiler furnaces. 
673, 675 

early history of, 20, 21 
in glass tank construction, 685 
Kaolinite, structure of, 136, 137 
thermal curves, 139 
Kentucky, early firebrick manu- 
facturing, 24 

Key brick, table of, 725, 734, 741 
Kiln, burners for, 335—339 
Chinese, 333 

continuous compartment, 356 
fire travel, rate of, 357 
fuel consumption of, 354 
early history of, 333 
efficiency of, 345 
furnaces for, 334, 335 
heat balance of, 345 
laboratory, 346—351 
periodic, 353 

dimensions of, 354 
downdraft, 352 
flue systems for, 353 
fuel consumption of, 355 
heat balance of, 356, 
tunnel, 358 

construction of, 360-365 
cost of, 367 

fuel consumption of, 366 
Kittanning, 23 
Koppers oven, 692 


Kyanite, effect of heating, 301, 302 
expansion of, 309, 310, 538 
occurrence of, 151 
in porcelains, 582 


Ladle mixes, 377 
Ladles, 623 
Laminations, 230, 688 
Lattice, cubic, 34 
net, 32 
triclinic, 34 
Law, Steno’s, 29 
Law of rational indices, 29 
Layer structures, 78 
Lead, manufacture of, 657 
Lead blast furnace, 660 
Lead industry, classification of re- 
fractories for, 662 
Lead-refining furnaces. 660 
Lead-smelting furnace, 659 
Length mean of particles, 596 
Lepidocrocite, 291 
Lightweight concrete. 712 
Lime, burning of, 689 

changes of, on heating. 304 
early history of, 18 
occurrence of, 159 
Lime-kiln brick, 572 
Lineages, 98-100 
Liquid, complex, 202 
simple, 202 

Literature on refractories, list of. 8 
Load-bearing capacity, factors in- 
fluencing, 449 
values for firebrick, 448 
values for insulating firebrick, 
451 

values for special refractories, 
450 

Load failure, 453 
mechanism of, 437 
Load test, schedule for, 448 
standard, 441-444 
time-temperature curve, 444 
Load-test- furnace, 441 
electrically heated. -445 
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Load-test results, 451 

application of, to design, 452 
Load tests, European, 445 

M 

Magnesia-alumina ramming mix- 
tures, 655 

Magnesiochromite, 64, 65 
Magnesite, analysis of, 157 
blocks of, in lime kilns, €89 
bottom of, in open-hearth steel 
furnace, 619 
firing properties of, 303 
occurrence of, 157, 158 
Magnesite brick, burning of, 368 
in copper converters, 651 
in lead refining furnaces, 660 
Magnesite ramming mixtures, 378 
Magnesite refractories, early history 
of, 25 

Magnetic separation, 196 
Malleable furnace shapes, 572 
Malleable iron, manufacture of, 62S 
reverberatory furnace for. 629 
Malleable iron industry, service of 
refractories in, 630 
Marine boiler furnaces, 675, 676 
Marion County, 24 
Maryland, early firebrick manufac- 
turing, 22 

Materials, refractory, location of 
deposits in IT. S., 146 
Matter, fundamental concepts of, 27 
Maximum deformation of plastic 
solid, 208 

Maximum shearing strain, 469 
Mechanical strength of clay on heat- 
ing, 285 

Mellor mean, diameter of particles, 
596 

Melting point, of aluminates, 401 
of borides, 401 
of carbides, 402 
definition of, 385 ,* 386 
effect of composition on, 397 
of elements, 399 
of nitrides, 401 


Melting point, of oxides, 399 
of phosphates, 402 
of pure materials, 399 
relation of, to atomic structure, 76 
83, 398 

of silicates, 400 
of spinels, 402 

standard method of determina- 
tion, 387 
of titanates, 401 
of zirconates, 402 

{See also Fusion point; Soften- 
ing point) 

Mesodesmic, 48 
Metakaolin, 284 . 

Metallic bonds, 49 
Metals, abrasion-resisting, 248 
electrical conductivity of, 49 
melting point of, 399 
Metasilicates, 85, 86, 88 
Methyl silicate, as bond, 253 
Mica,' 82, 137 
Mica schist, 16, 633 
Microscope, measurement of particle 
sizes, 595 

Mineral-dressing methods, 196 
Mineral species, 37 
Mineralizers, 98, 300, 301 
Minerals, amorphous, 36 
clay, 136, 137 
color of, 123 
definition of, 36 
expanding, 308 
natural, table of, 162—169 
rock-forming, 38 
silica, 154 
silica-type, 91 
sillimanite types of, 150 
Mining, of clays, 183 
cost of, 188, 189 
of ganister, 188 
open-pit methods, 183 
underground methods, 187 
Miscellaneous properties of refrac- 
tories, 584 

Missouri, early firebrick manufac- 
turing, 24 
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Moisture distribution, in plastic 
clay, 265 

Moisture gradient, in plastic clay, 
265 

Mold for handmade shapes, 220 
Molding, hot, 253 
Molds, life of, 216 
plaster, 214, 215 
Molecules, 67 
Molybdenite, 78 
Monk ton, 21 

Monolithic construction of hearth, 
700 

Montmorillonite, 136, 137, 290 
Morin, 286 

Morphological crystallography, 28 
Mortars, air-setting, 375 
application of, 375 
and cements, production of, . in 
IT. S., 4 
fireclay, 374 
heat-setting, 374 
refractory tests for, 375 
special, 375 
Motif, 30 
Mt. Savage, 22 
Mt. Union, 25 
Muffles, 577 
sizes of, 578 
Mullite crystals, 285 

in fired clay, 284, 285, 287 
in glass, 506 
in slags, 503 
tank blocks, 688 
thin section of, 289 
Muscovite, 66, 78, 90, 136 

N 

Nacrite, 136 

Naphthalene as pure forming ma- 
terial, 247 

Natural furnace stone, 632 
Natural gas, 363 
Nepheline, 73, 74 
Nephelite, 506 
New Brunswick, 19 
New Castle, 18 


New Ungland, early firebrick manu- 
facturing, 18 

New Jersey, early firebrick manu- 
facturing, 21 
New Milford, 18-20 
New Orleans, 22 
Nickel, melting of, 655 
smelting of, 663 
Niles, 23, 24 

Nitrides, melting point of, 397, 401 
Nonclav refractories, production of, 
3 

Nomographic chart, Casa grande, 
592 

Nontronite, 136, 137 
Nozzle, for teeming steel, 626 
Nucleus, 39, 43, 44 

O 

Oak Hill district, 23 
Ohio, early firebrick manufacturing, 
22 

Oil for fuel, 335, 336, 363 
Oil burner, air-atomizing, 337 
installation of, 338 
mechanical atomizing, 336 
Olivine, 160 
Opal glass, 504, 685 
Open-flame melting furnaces, 651 
Open-hearth bottom, 512, 69S 
Open-hearth furnace, 618 
service conditions, 624 
Open setting, of ware, 683 
Operations, symmetry, 30 
Optical pyrometer, 389 
Ordvician, 136 
Organic matter in clay, 141 
Orthosilicates, 85-87 
Overfiring, 536, 538 
Overgrowths, oriented, 103, 104 
Oxidation, 287 

Oxides, melting point of, 397, 399 
Oxygen, attack on refractories, 509 


Packing diagram, 250 
Packing spherical particles, 249 
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Moisture distribution, in plastic 
clay, 265 

Moisture gradient, in plastic clay, 
265 

Mold for handmade shapes, 220 
Molding, hot, 253 
Molds, life of, 216 
plaster, 214, 215 
Molecules, 67 
Molybdenite, 78 
Monkton, 21 

Monolithic construction of hearth, 
700 

Montmorillonite, 136, 137, 290 
Morin, 286 

Morphological crystallography, 28 
Mortars, air-setting, 375 
application of, 375 
and cements, production of, . in 
IT. S., 4 
fireclay, 374 
heat-setting, 374 
refractory tests for, 375 
special, 375 
Motif, 30 
Mt. Savage, 22 
Mt. Union, 25 
Muffles, 577 
sizes of, 578 
Mullite crystals, 285 

in fired clay, 284, 285, 287 
in glass, 506 
in slags, 503 
tank blocks, 688 
thin section of, 289 
Muscovite, 66, 78, 90, 136 


Nacrite, 136 

Naphthalene as pure forming ma- 
terial, 247 

Natural furnace stone, 632 
Natural gas, 363 
Nepheline, 73, 74 
Nephelite, 506 
New Brunswick, 19 
New Castle, 18 


New England, early firebrick manu- 
facturing, 18 

New Jersey, early firebrick manu- 
facturing, 21 
New Milford, 18—20 
New Orleans, 22 
Nickel, melting of, 655 
smelting of, 663 
Niles, 23, 24 

Nitrides, melting point of, 397, 401 
Nonclay refractories, production of, 
3 

Nomographic chart, Casagrande, 
592 

Xontronite, 136, 137 
Nozzle, for teeming steel, 626 
•Nucleus, 39, 43, 44 

O 

Oak Hill district, 23 
Ohio, early firebrick manufacturing, 
22 

Oil for fuel, 335, 336, 363 
Oil burner, air-atomizing, 337 
installation of, 338 
mechanical atomizing, 336 
Olivine, 160 
Opal glass, 504, 685 
Open-flame melting furnaces, 651 
Open-hearth bottom, 512, 698 
Open-hearth furnace, 618 
service conditions, 624 
Open setting, of ware, 683 
Operations, symmetry, 30 
Optical pyrometer, 389 
Ordvician, 136 
Organic matter in clay, 141 
Orthosilicates, 85-87 
Overfiring, 536, 538 
Overgrowths, oriented, 103, 104 
Oxidation, 287 

Oxides, melting point of, 397, 399 
Oxygen, attack on refractories, 509 


Packing diagram, 250 
Packing spherical particles, 249 
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Panel spalling test, 476, 481, 483 
Panel wall construction, 675 
Paper-mill refractories, 695 
Particle size, distribution of, for 
clays, 142 

interpretation of, 596 
method of measurement, 583-589 
Pattern, two-dimensional, 32 
Peirce-Smith, copper converter, 648 
Pennsylvania, early firebrick manu- 
facturing, 23 
Periodic kilns, 680 
Periodic table, 42—46 
Periodicals, list of, 10 
Permeability, 599 
of firebricks, 602 
measurement of, 599 
Permeability apparatus, 600 
Perth Amboy, 22. 24 
Petrographic analysis, 114, 118 
Petrographic microscope, 120, 121 
Phase, 405 
Phase rule, 404 
Philadelphia, 23 
Phosphates, 402 
Phosphoric acid, 253 
Photoeleastic method of stress deter- 
mination, 458 

Physical properties, variation with 
particle size, 143 

Pipe tester for thermal conductivity, 
550 

Pipette method of particle size 
measurement, 589 
Pittsburgh, 18, 24 
Plagioclase, 68 
Plane groups, 30 
Planer, 185 
Plaster of Paris, 214 
Plastic chrome ore, 378 
Plastic deformation, 80 
Plastic flow, 439 
Plastic masses, 205 
Plasticity, 142, 143 
definition of, 202 
Plastics, 377 

application of, 378 
fireclay, 377 


Plastics, packing of, 379 
special, 378 
testing of, 380 

Plugs, for steel teeming, 627 
Point group, 34 
Polarization, 53 
Polarized light, 458 
Polymorphism, 69, 70 
Porcelain, refractory, 581 
tubing for, sizes of, 582 
Pore water, 266 

Pores, method of obtaining, 244 
Porosity, changes in heating clay, 
284 

of clay on firing, 291 
control of, 311 

determinations, precision of, 294 
diagram of, 251, 252 
measurement of, 292-294 
values of, 295-297 
Portland cement, 691 
Portland cement' clinker, kilns for, 
689 

Ports, 712 

Posts, for kiln furniture, 576 
Pot furnace, 683 
Pouring-pit refractories, 623 
Powder method of X-ray analvsis, 
108 

Power, generation of, 666 
Preheating furnace, 478 
Preheating zone,- of tunnel kiln, 361 
Pressures in the toggle press, 240 
Principal stresses, 458 
Process, casting, 212 
dry-press, 235 
soft-mud, 217 
stiff-mud, 228 
Producer gas, 363 
Providence, 16 
Pueblo, 24 
Pug mill, 219, 220 
Pulverized coal, 672 
boiler fired by, 673 
Pulverizer, 191 1 

Pycnometer, 603 & 

Pyramid, properties of, 765 
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Pvro metric cone equivalent, 289 
Pvroxnetric cones, for determination 
of fusion point, 386 
table of, 756 

Pyrophyllite, 90, 136, 137, 152 
‘ Pvrosilieates, 85, 86, 88 
Pyroxenes, 77, 78 
Pyrrliotite, 61 

Q 

Quantum numbers, 40, 41 
Quartz, density of, 299, 300 
ay ’ expansion properties of, 529, 531 
structure of, 71, 74, 298 
Quartzites, 154 

94 u 

: Rk ial dome brick, table of, 747 

' Radiant-heat transfer, 341 
Radiation, 546 
Radiation pyrometer, 621 
Radius ratio, 50-53 
Rammed linings, 618 
Reactions, rate of, 496 
Reburning, on load-bearing proper- 
ties, 452 

sis, Recirculation, in kilns and furnaces, 
277, 343 

Rectangle, properties of, 763 
Recuperative action, 345 
161 Reflection, 31 

Refractive indices, 299 
Refractories, bubble structure in, 
247 

cast, 313 

clay, production of, 2 
dry-press, 234 

in iron and steel industry, 610 
miscellaneous properties of, 584 
nonclay production of, 3 
plastic, 377 

■elation of, to other industries, 6 
pecial, 450 
strength of, 601 
tructure of, 598 
weight of, 702 


Refractories industry, development 
of, 16 

growth of, 1 
scope of, 1 
statistics of, 2-5 
Refractory bodies, coatings, 381 
firing properties, 307 
Refractory concretes, 380, 381, 700 
Refractory materials, deposits of, 
149 

Regular polygon, properties of, 763 
Regular triangular prisms, proper- 
ties of, 764 

Reheat shrinkage, 531, 533 
Reheat standard test, 534 
Reintjes air-cooled wall, 668 
Re-press, machine, 231 
Retorts, 577, 579, 656 
Reverberatory copper-matting fur- 
nace, 647 

Reverberatory furnace, for malleable 
iron, 629 
Rlieopecsv, 202 
Ring structures, 89- 
Rise of arch, 714 
Rocks, 38 
Rome, 25 
.oh 621 

Rotary cement-kiln lining, 690 
Rotary inversion, 31 
Rotary-kiln blocks, 571 
tabie of, 745 
Rotary-kiln lining, 691 
sizes of, 691 
Rotary reflection, 31 
Rotors, 31 

Rowlock courses, 702 
Ruby, 37 
Rutile, 82 

S 

Safe wall heights, 701 
Saggers, 574, 575, 682 
St. Louis, 24 
Salem, 17, 19 
Sand. 156 
Sand seal, 362 
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Sandstone, 632 
Sanidine, 66 
Saponite, 136 
Saturation point, 206 
Saugus, 16 
Scioto County, 23 
Screen, 195 

Tyler series, 586 
U. S. Standard series, 587 
Screen analysis, plotting of, 588 
Screening, 193 a 

Screw axis, 31 

" Secondary expansion, theory of, 536 
true, 538 

Sector, properties of, 763 
Segment, properties of, 763 
of sphere, properties of, 765 
Segregation in bins, 199 
Selective adsorption, 103 
Selective incrustation, 105 
Senarmontite, 72, 73 
Sericite, 136 

Service conditions, in blast furnace, 
615 

in by-product coke oven, 693 
in copper industry, 650, 651 
in cupola, 619 
in glass furnace, 686, 6S7 
in lead industry, 662 
in malleable-iron industry, 630, 
631 

in open hearth, 624, 625 
in zinc industry, 658 
Setting, 361 

methods of, 356 
Shaft kilns, 689 
Shaking apparatus, 587 
Shapes, of boiler, 574 
burning of, 366 
in hearths, 699 
molding of, 235 
special, 570, 574 
standard, 569, 570 
Sharon conglomerate, 24 
Shear, rate of, 210 
Shear failure, 465 
Shear strain, 468 
Shear stresses, 459, 463 


Shell, atomic, 40, 41, 44 
Shrinkage, conversion tables for 
269, 270 

drying, of clays, 271 
measurement of, 267 
firing, of clays, 291, 295-297 
of kaolin, 284 
of kyanite, 301 
of magnesite, 304 
of silica, 297 
of mortar, 376 
reheat, test for, 535 
volume, 268 
Shrinkage water, 266 
Sieve (see Screen) 

Silica, density of, 299 
firing properties of, .296 
framework, 87 
inversions, 300 
minerals, 70 
molding of, 226 
models, atomic!, 298 
polymorphous modifications of, 
298 

refractories, early history of, 24 
Silica brick, in copper smelters, 648 
reaction of, with iron slag, 507 
Silicates, 400 

Silicon carbide, 161, 171, 378 
Sillimanite, 150, 301, 302, 582 
Simple wall, 545 

Simulative service tests, 535, 537 
Size distribution, plotting of, 593, 
595 

Sizes, of checker brick, 572 
of clay crucibles, 578 
of fireclay tile, 572 
of flux blocks, 571 
of graphite crucibles, 581 
of kiln furniture slabs, 577 
of malleable furnace shapes, 572| 
of muffles, 578 t 

of porcelain tubing, 582 
of radial blocks, 571 
of standard shapes, 569 
Skewback, 718-720, 764 
construction of, 721 
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bs, 576, 683 
ize of, 577 
g, coal-ash, 503 504 
‘omposition of, 495 
srosion, 509, 510, 512 
penetration, 499 
•cawtftnce of refractories, 502 
,ests, 500 

,o; action, chemical effect of, 494 
physical effect of, 498 
,g-tap type of furnace bottom, 674 
ice, 143 

eves,, refractory 626 
p, clay, 203 
caolin, 204 

i g, 220 

irry, 691 

Lelters, reverberatory, 645 
rking pits, 635, 636 
ap, soft, 214 
apstone blocks, 677 
ciety of Rheology, 202 
da process, 695 

dium chloride, 34, 35, 48, 52, 96 
dium hydroxide, 677 
dium sulfide, 677 
ftening point, 385 

(See also Fusion point; Melting 
point) 

Idier courses, 702 ... 
lid, definition of, 202 
deformation of, 79 
elasticoplastic, definition of, 202 
lid reactions, 306 
lid solution, 58, 61-63 
defect, 59 
interstitial, 59 
substitutional, 59 
did state of matter, 27 
iuth Amboy, 19 
>ace groups, 30, 31 
>^,ce lattice, 32 
i ailing, definition of, 457 
characteristics of various bricks, 
485 

theory of, 465 

jailing fractures in service, 489 
jailing tendency, 470 


Spalling test, A.S.T.M. panel, 476 
furnace, 479 

Special shapes, design of, 574 
Specific gravity, determination of, 
601-603 

in solid solutions, 64 
Specific heat, 314, 315 
Specimens, fusion-point, 393 
Sphalerite, 77 
Spheres, 463, 765 
Spin quantum number, 41 
Spinels, 64, 66 

melting point of, 402 
Spray slag tests, 501 
Sprung arches, 713, 733 
Square bung, 572 
Stacks, 354, 713 
Standardized brick unit, 704 
State, crystalline, 27 
glassy, 27 

Statistical mean diameter, 596 
Steady flow of heat, 543 
Steam as disintegrating agent. 509 
Steel inclusions, 627 
Steelwork, for arches, 720 
for domes, 749 
Steno’s law, 101 
Stibnite, 77. 82 

Stiff-mud shapes, air ramming of, 
232 

Stokers for kilns, 335 
Stokes’ law, 588, 589 
Stone, furnace, 16 
Stopper, for teeming steel, 626 
Storage bins, 198 
of clay, 197 
Stourbridge, 19, 22, 23 
Stove linings, 19 

Stoves for blast furnace, 612, 616 
Stresses, in brick, 460, 461 
in disk, 459 
in wall, 462 
Stretcher courses, 702 
Stripping overburden, 183 
Structure type, of change of, 71 
Subsilicates, 92 
Sulfate process, 695 
Sulfite process, 695 
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Super-duty fireclay brick, 689 
Superstructure, 62, 69 
Suspended arch, 573 
American type, 750 
Bigelow-Lip tak type, 751 
blocks for, 574 
construction of,, 750 
Detrick type, 750 
insulating- firebrick, construction 
of, 751, 752 

McLeod and Henry type, 751 
Reintjes type, 749 

Suspended roofs for copper rever- 
beratory furnace, 648 
Symmetry, 35 
internal, 29 
operations for, 31 
System, 404 

clay-water, 203 
hexagonal, 36 
isometric, 35 
monoclinic, 36 
orthorhombic, 35 
tetragonal, 35 
triclinic, 36 


Tabling, 196 
Talc, 90, 136, 137 
Tamping, hot, 379 
Tank, for testing glass refractories, 
502 

Tank blocks, 688 
Tap holes, 627 
Tap-out block, 572 
Taunton, 21 
Temper carbon, 628 
Temperature, equalization of, 342 
Temperature breakdown, of clay 
impurities, 289 

Temperature-control apparatus, 446 
Temperature-conversion table, 755 
Temperature distribution, 466 
Temperature gradients, 467 
Temperature schedule for load tests, 
442 


Temperature stress tests, 458 
Temperature stresses, in arches, 715 ’ 
in solids, 457, 468 
Temperature uniformity in kilns 
344, 350 
Temple, 17 

Tendency to spall, 468 
Tensile strain, 470 
Tension failures, 465 
Test, for permanent linear change 
534 

rattler, 603 
sand blast, 603 
for shrinkage, 534 
simulative service, 535 
slag, 500, 501 
for softening point, 387 
for spalling, 447 
for thermal conductivity, 547 
Test cones, mold for, 394 
Test load, 441 
Tetrachlorethane, 603 
Tetrahedron, silica, 84 
Textures, 38 

Theory of spalling, due to shear 
stresses, 465 

due to tensile stresses, 470 
Thermal analysis, 134 
Thermal coi>luctivity apparatus, 
450, 548, 549 
of crystals, 82 
and glass, 552 
of insulating materials, 554 
measurement of, 547 
theory of, 80 
values, 551—555 
Thermal expansion, 82 

of high-fusing crystals, 532 
values, 526-530 

Thermocouple, chromel-alumi 
table of, 757, 758 
copper-constantan, table of, 7b; 

762 

■ platinum, table of, 759, 760 
Thickness, of arches, 717 
of wall, 701 
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Uiin sections, 117, 122 
'"hixotropy, 202, 203 
Thoria, 161 

Ties, in compound walls, 703 
Tile, sizes of, 572 
Tin, manufacture of, 660 
Titanates, melting point of, 401 
Citania, effect of heat on, 305 
tolerances in sizes, 569 
Topaz, 151, 302 
Toronto, 23 
Torsion tests, 441 
Transition elements, 44 
Transition point, 405 
Translation, 31, 80 
Tremolite, 82 
Tiangle, properties of, 763 
Tridymite, density of, 299, 300 
expansion properties of, 529, 531 
structure of, 71, 74, 298 
'rue density, as aid to identification, 
122 

measurement of, 601 
tmnel driers, 276 
\mnel kiln, capacity of, 366 
construction of, 681 
cost of, 367 
tuyeres, 648 
Twin gliding, 80 
Tying composite walls, 703 

U 

"Unit cell, 32, 34 

TT. S. Bureau of standards, electrical 
resistivity measurements, 604 
making of glass pots, 581 
'*t,Tnsteady heat flow, 564 
< fxbrklge, 17 

y 

Lcuum attachment to the dry 
press, 241 

icuum method, of measuring po- 
rosity, 293 
donee, 398 


Valence electrons, 42, 44 
Valentinite, 72, 73 
van der Walls’ forces, 50, 79 
Variance, 405 
Viscosimeter, 207, 208 
Viscosity, 202, 385 
of kaolin slips, 205 
of water, 272 
Voids, 250 
Volume flow, 343 
mean diameter, 596 
measurements, 294 

W 

Walk, 220 
Wall, 700-710 
anchoring, 708 
bonds, 702—705 
expansion joints, 706 
insulation, 710 
number of brick in, 701 
safe heights, 701 
stability of, 701 
thickness of, 701 
Waste-heat boilers, 676 
Water-cooled door frames, 621 
Water-film thickness, 268 
Water gas generation, 694 
Water-retention values, 376 
Wedge brick, table of, 727, 731, 737, 
738 

Wedge roaster, 646 
Weight loss, on heating clay, 282 
Weight curves, of minerals, 283 
West Coast, early firebrick manu- 
facturing, 24 

West Virginia, early firebrick manu- 
facturing, 24 
Wet pans, 192, 219 
Wetting of surface by slag, 499 
Willsboro, 20 
Wire-bar furnaces, 651 
Woodbridge, 19, 22 
Workability of clays, 142, 210, 376 
measurement of, 208 
mechanism of, 211 



X 


X-ray analysis, 106-108, 284 
X-rav apparatus, 113 
X-ray diffraction pattern, 595 
X-ray equipment, 114 

Y 

^ icld point in plastic masses, 210 — 


Zinc, manufacture of, 655 
Zinc distilling furnace, 655 
Zinc industry, 658 
Zinc retort, 655 


Zinc spinel, 508 
Zinc vapor in blast 
Zircon, 82, 161 
Z« rconatcs, molting 
Zircon ia, 161, 304 


furnace, 
point of, 




